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Abstract

Corrosion resistant alloys, such as stainless steels are often used in offshore installations
due to their high resistance towards general corrosion. Stainless steels are however
susceptible to localized corrosion, such as crevice corrosion at specific conditions.
Crevice corrosion resistance is affected by various environmental parameters, such as
temperature, chloride concentration, pH and oxygen content. Oxygen ingress in the
process and production systems can be damaging for corrosion resistant alloys and an
oxygen application limit of 10 ppbw is used as a general practice. Recent research has
indicated that the oxygen limit may be higher. An increased limit would be beneficial in
terms of economy, operation and material selection.

The aim of this thesis is to investigate the effect of different environmental parameters on
crevice corrosion of AISI 316L stainless steel and 22% Cr duplex stainless steel in a low
oxygen environment. Both materials are considered to be important stainless steels and
are widely used. A review of literature on the effect of different environmental parameters
on crevice corrosion of stainless steels and the oxygen limit were conducted, in addition
to experimental work.

The experimental work included recording of anodic cyclic potentiodynamic polarization
curves and open circuit potential measurements. By using ASTM G61 standard,
anodic cyclic potentiodynamic polarization curves at different temperatures, chloride
concentrations and pH were recorded. Both materials were tested in electrolytes with 600
ppmw, 5000 ppmw and 120 000 ppmw chloride at both 30 °C and 95 °C in the pH region
4.1 - 8.5. The results showed that the crevice corrosion potential and the repassivation
potential of both the materials decreased with increasing chloride concentration and
temperature. The crevice corrosion resistance of both AISI 316L stainless steel and 22%
Cr duplex stainless steel are lower at higher temperatures and chloride concentrations.
Higher chloride concentration and temperature made it more difficult for the surface
to repassivate as well. 22% Cr duplex stainless steel showed the highest corrosion
resistance of the two materials. pH had little effect on the crevice corrosion potential and
repassivation potential in the tested pH range. The open circuit potential increased with
increasing oxygen content and decreased with increasing temperature. Both materials
had an oxygen application limit of < 10 ppbw oxygen in solution with 120 000 ppmw
chloride at 95 °C. Open circuit potential measurements with different oxygen contents
should be conducted to establish oxygen application limits at the other test conditions.
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Sammendrag

Korrosjonsresistente legeringer, som for eksempel rustfrie stål, blir ofte brukt i offshore-
installasjoner på grunn av deres høye motstand mot generell korrosjon. Rustfrie
stål er imidlertid utsatt for lokal korrosjon, som spaltekorrosjon under spesifikke
forhold. Spaltekorrosjonsmotstand påvirkes av forskjellige miljøparametere, som
temperatur, kloridkonsentrasjon, pH og oksygeninnhold. Oksygeninntrengning i prosess-
og produksjonssystemer kan være skadelig for korrosjonsresistente legeringer, og en
oksygenapplikasjonsgrense på 10 ppbw brukes som en generell praksis. Nyere forskning
har indikert at oksygengrensen kan være høyere. En høyere grense vil være lønnsomt
med tanke på økonomi, drift og materialvalg.

Målet med denne avhandlingen er å undersøke effekten av forskjellige miljøparametere på
spaltekorrosjon av AISI 316L rustfritt stål og 22% Cr dupleks rustfritt stål i et miljø med
lite oksygen. Begge materialene anses å være viktige rustfrie stål og er mye brukt. En
gjennomgang av litteratur om effekten av forskjellige miljøparametere på spaltekorrosjon
av rustfritt stål og oksygengrensen ble gjennomført, i tillegg til eksperimentelt arbeid.

Det eksperimentelle arbeidet inkluderte opptak av anodisk syklisk potensiodynamisk
polariseringskurver og målinger av åpen krets potensialet. Ved å bruke ASTM G61-
standard ble anodisk syklisk potensiodynamisk polariseringskurver ved forskjellige
temperaturer, kloridkonsentrasjoner og pH tatt opp. Begge materialene ble testet i
elektrolytter med 600 ppmw, 5000 ppmw og 120 000 ppmw klorid ved både 30 °C
og 95 °C i pH-området 4.1 - 8.5. Resultatene viste at spaltekorrosjonspotensialet og
repassiveringspotensialet til begge materialene avtok med økende kloridkonsentrasjon
og temperatur. Spaltekorrosjonsmotstanden til både AISI 316L rustfritt stål og 22%
Cr dupleks rustfritt stål er lavere ved høyere temperaturer og kloridkonsentrasjoner.
Høyere kloridkonsentrasjon og temperatur gjorde det også vanskeligere for overflaten å
repassivere. 22 % Cr dupleks rustfritt stål viste den høyeste korrosjonsmotstanden
av de to materialene. pH hadde liten effekt på spaltekorrosjonspotensialet og
repassiveringspotensialet i det testede pH-området. Åpen krets potensialet økte
med økende oksygeninnhold og avtok med økende temperatur. Begge materialene hadde
en oksygengrense på < 10 ppbw oksygen i løsning med 120 000 ppmw klorid ved 95 °C.
Åpen krets potensial målinger med ulike oksygen innhold bør gjennomføres for å etablere
oksygenapplikasjonsgrenser ved de andre testforholdene.
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1 Introduction

The topic and objective of the specialization project preceding this thesis [1] has been
maintained, and parts of this section have therefore been reused from the specialization
project.

1.1 Background

Corrosion resistant alloys (CRAs) have a high resistance towards general corrosion and are
therefore widely used in offshore installations. Stainless steels are often used in the process
systems on oil and gas installations [2]. AISI 316L stainless steel (316L) is considered
to be one of the most important stainless steels for marine atmosphere and is widely
used. This is due to their good availability, low cost and acceptable corrosion resistance.
22% Cr duplex stainless steel (DSS) is the most used duplex stainless steel in the word.
It offers high strength and good corrosion resistance. Compared to 316L the higher
strength allow for weight savings and higher corrosion resistance can extend the lifetime,
resulting in cost savings. By becoming more cost competitive, DSS has replaced 316L for
many applications [3]. Although these stainless steels have good corrosion resistance, in
a marine environment they will be exposed to humidity and chloride ions, which can lead
to localized corrosion.

Localized corrosion, such as crevice corrosion, pitting corrosion and stress corrosion
cracking (SCC) are the main corrosion challenges with using stainless steels in marine
environment [4]. In worst case pitting and crevice corrosion can penetrate deep enough
into the construction, resulting in leakage or fracture. 316L is a cheaper alternative than
higher alloyed stainless steels, and therefore are the severity of the corrosion attacks
and how it is affected by different environmental parameters of great interest. As DSS
has become more cost competitive and has replaced 316L in different applications, their
corrosion properties are of great interest as well [3].

Crevice corrosion can occur under specific conditions and crevice corrosion resistance is
affected by various environmental parameters. Especially temperature, pH and chloride
content play a key role, and several studies have been conducted to investigate the effect
of these parameters [5][6]. Another parameter affecting the corrosion resistance is the
dissolved oxygen content [7]. However, the role of the dissolved oxygen on localized
corrosion has not been investigated to the same extent [6].

Today a limit of 10 ppbw oxygen in produced water during oil and gas production is used
to avoid corrosion due to oxygen ingress, as a general practice among the oil and gas
companies. Oxygen contamination can occur as a result of different industrial processes
during operation, such as oxygen in production chemicals used, wash water used for
desalting the oil, or oxygen in flare gas recovery. To avoid exceeding the maximum
limit, the industry invests in oxygen removal technologies or choose to upgrade to higher
corrosion resistant materials [2].

Recent tests have shown that the limit of oxygen may be higher than 10 ppbw. Increasing
the oxygen application limit would be profitable in terms of material selection, operation
and thereby be financially beneficial.
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1.2 Objective

The main objective of this study is to investigate how different environmental parameters
affect initiation of crevice corrosion on 316L and DSS in an environment with low
oxygen content (< 10 ppbw) through a literature survey and experimental work. In
the experimental work the effect of chloride concentration, pH and temperature on the
crevice corrosion properties of 316L and DSS are investigated. Through the experimental
work, the crevice corrosion potential, Ecrev and repassivation potential, Erep shall be
established. These results will then be used when conducting measurements of the open
circuit potential (OCP) at different test conditions and oxygen contents, to establish a
maximum acceptable oxygen content. Results obtained from these tests in addition to
previous experimental results [1] will be used to discuss the oxygen application limit to
avoid crevice corrosion of CRAs. In this study, Design of experiment (DOE) will be used
as a method to evaluate the effect of the environmental parameters on crevice corrosion
of the stainless steels, optimize number of tests and evaluate the experimental procedure.
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2 Theoretical background

The theoretical background and relevant literature was reviewed and identified during
the specialization project preceding this thesis [1]. No relevant new material was found
during the work with this thesis, regarding Section 2.3, Section 2.5 and Section 2.6. The
presentation of these sections from the project report is included below. In addition, parts
of Section 2.1, Section 2.2, Section 2.4 and Section 2.7 are reused from the project report.

2.1 Austenitic and duplex stainless steels

Stainless steels can keep a "stainless" appearance unlike the rusty appearance common
for carbon steels [8]. A rust layer will be formed on carbon or mild steels exposed to
humidity. This layer is a complex hydroxide and is very porous, such that oxygen and
humidity easily diffuses through the layer and create more rust [9].

Compared to carbon steels, stainless steels are more chemically complex due to their larger
number of alloying elements, and belongs to the category of high alloy steels. They contain
in general Fe and Cr, in addition to different alloying elements [9][10]. Stainless steels
contain at least 12% Cr, which is the minimum amount to keep the stainless appearance.
Cr will create a passive film on the metal surface in the presence of oxygen, and the
Cr content in the alloy will therefore affect the alloys passivity a lot. This self-repairing,
passive film will protect the metal from corrosion [8][9]. Compared to other alloys, stainless
steels have a high corrosion resistance, as a result of the formation of the passive film. The
composition and properties of the passive film are determined by the composition of the
alloy. The corrosion resistance of stainless steels can therefore be enhanced by selecting
a suitable alloy for the actual application conditions [11].

Stainless steels are divided into four main groups based on their microstructure; ferritic,
austenitic, duplex and martensitic stainless steels [11]. DSSs consists of two phases;
austenite and ferrite, in approximatly equal amounts. Compared to their austenitic
counterparts, DSSs have higher tensile and yield strength, and higher resistance towards
stress corrosion cracking (SCC). The toughness of DSSs are between those of austenitic
and ferritic stainless steels [12].

2.1.1 Metallurgy

The composition of austenitic stainless steel is a balance between elements promoting
ferrite formation, such as Cr and Mo and elements promoting austenite formation, such
as Ni [12]. To remain austenitic in room temperature, iron alloys must contain about
17% Cr and 11% Ni (or its equivalence) [10]. In addition to Ni, C and N are also used
to stabilize austenitic stainless steels, as they are easily soluble in the face-centered cubic
(fcc) structure. By balancing the ferrite-promoting elements with the austenite-promoting
elements, a great range of corrosion resistance can be obtained [12].

DSSs solidify mainly as ferrite. At high temperatures (1300 °C), austenite will first
nucleate at ferrite grain boundaries and then grow. Diffusion of the alloying elements must
take place during the transformation of ferrite to austenite. The ausentite-stabalizing
elements will concentrate in the ausentite, while the ferrite-stabalizing elements will
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concentrate in the ferrite. In DSSs, the ideal ferrite-ausentite distribution is approximately
50/50, without other phases [10][12].

2.1.2 Microstructure

Austenitic stainless steels have a fcc atomic structure. The promoting of the fcc structure
is done by adding elements such as Ni and Mn to the iron. Ferritic stainless steels on the
other hand have a body-centered cubic (bcc) atomic structure, which is less dense than
the fcc structure [10]. Since DSSs consists of both austenite and ferrite, it will have a
mixed structure of fcc austenite and bcc ferrite. In DSSs, the matrix consists of ferrite
with austenite islands, as illustrated in Figure 2.1 [12].

Figure 2.1: Microstructure of Cast Fe-22Cr-5.5Ni-3Mo-0.15N DSS etched in 40% NaOH, made
of a ferrite matrix (dark phase) with austenite islands (light phase) [12].

2.1.3 Composition and alloying elements

Composition plays an important role in the corrosion resistance of stainless steels, and
corrosion resistance can be altered by changing the alloy composition [12] [11]. The large
number of alloying elements in stainless steels makes a large range of phases or crystal
structures possible [10].

Cr is the only element that can by itself, create the passive film on stainless steels, and
is therefor essential. Other elements can however contribute to maintenance of the film,
or influence how effective it is formed. Increased Cr content increases the stability of the
film. At the same time will higher Cr content also affect mechanical properties, weldability
or how suitable the material is for certain thermal exposure. For that reason, it can be
more beneficial to improve corrosion resistance by adjusting the content of other alloying
elements in addition to the chromium content [12].

Ni as an alloying element gives an increased corrosion resistance, as it is a more noble
element than iron. Especially in quantities above 8%, as it is in austenitic steels. In
addition, Ni makes it easier to form the protective passive film, which gives faster
repassivation in the event of damage [9]. Ferrite can not hold Ni in the solution, and can
therefore not benefit from this element [10]. In austenitic stainless steels, Ni is one of the
main stabilizing element [12].
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Another important alloying element is Mo, which also improves the corrosion resistance
especially in chloride environments. Together with Cr, Mo is very effective in terms of
stabilizing the film in presence of chloride ions [12]. Mo added to stainless steels can
increase the resistance towards localized corrosion, such as crevice and pitting corrosion.
It can be added to both ferritic and austenitic stainless steels to improve the stability of
the passive film [13]. Mo makes it easier to form the passive film and by stabilizing it, it
will make the film break down more slowly [9].

Austenitic stainless steels seem to have a greater potential for aqueous corrosion resistance
than their ferritic counterparts. The reason for this is that the most common used
stabilizers in austenitic stainless steels; Ni, Mn, and N, all contribute to passivity [13].
Table 2.1 shows the alloying elements in the austenitic stainless steel, 316L.

Table 2.1: Alloy composition in wt% for AISI 316L stainless steel (UNS S31603) [14].

C Mn P S Si Cr Ni Mo
0.035 2.00 0.045 0.030 1.00 16.00-18.00 10.00-14.00 2.00-3.00

Cr and Ni are the main additives in DSSs. In addition to these elements, N, Mo, Cu,
Si and W can be added to improve certain properties, such as corrosion resistance [12].
DSSs usually have high Cr and Mo contents, 22-27% and 2-4%, respectively [12][7]. Both
the austenite and ferrite phase should have equal corrosion resistance, even though their
composition is different. This is accomplished by utilizing the properties of different
alloying elements. By balancing the amount of Cr and Mo with Ni, an approximately
equal pitting corrosion resistance of the two phases is obtained and the austenite and
ferrite ratio is kept nearly constant with temperature [10]. Table 2.2 shows the alloying
elements in DSS.

Table 2.2: Alloy composition in wt% for 22% Cr duplex stainless steel (UNS S32205) [15].

C Mn P S Si Cr Ni Mo N
0.030 2.00 0.030 0.020 1.00 22.00-23.00 4.50-6.50 3.00-3.50 0.14-0.20

The corrosion resistance of DSSs and austenitic stainless steels with similar alloying
contents are almost equal [12]. Nevertheless, the least corrosion resistant DSS possess
a greater corrosion resistance than one of the most common used austenitic stainless
steels, 316L [16].

The pitting resistance equivalent (PREN) is often used to determine the pitting corrosion
resistance of a material in chloride solutions. PREN predicts the pitting corrosion
resistance based on the alloy composition, and the calculation is based on percent mass
fraction of the alloying elements Cr, Mo and N. The most commonly used formula to
calculate PREN , according to [12], is presented in Equation 2.1:

PREN = %Cr + 3.3(%Mo) + 16(%N) (2.1)
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2.2 Passive film

The key to the high corrosion resistance of stainless steels is the passivating and self-
renewable protective film on the surface, referred to as the passive film [17]. Passive films
are formed when the bare metal surface is exposed to an oxidizing environment [11]. When
the surface comes in contact with the environment, it needs a period of time to form the
passive film. The film will continue to grow until it has reached a steady state [18], and
is typically only a few nanometers thick [13]. After the film is formed, the reaction rate
between the metal and the environment will decrease significantly [11]. The passive film
will contain the main metallic elements in the alloy, since its composition depends on the
composition of the alloy. The fraction of the elements that is easy to oxidize will be higher
than the elements that does not oxidize easily [18].

The corrosion resistance of stainless steel is determined by the stability of the passive film.
The stability of the film is affected by the composition, structure and thickness, which is
affected by the alloy composition. Figure 2.2 shows the relationship between the passive
film, corrosion resistance and composition of the alloy [8].

Figure 2.2: Illustration of the relationship between the passive film, corrosion resistance and
composition of the alloy [8].

In general, it is believed that passivation takes place due to the following stages; first
a rapid formation of hydrated complexes of metals, these are adsorbed on the surface.
The complexes have to be stable enough on the alloy surface to enable the formation of
a hydroxide phase when they react with water. Further on, this hydroxide phase will
rapidly deprotonate to create an insoluble surface oxide film, referred to as the passive
film. If the processes in any of these stages should fail, the active dissolution of the alloy
will continue [18].

The passive film created on stainless steels is often duplex and is enriched in chromium.
It consists of an inner chromium oxide/hydroxide layer and an outer iron oxide-enriched
layer [17][19]. The outer layer composition depends on the film formation potential. At
lower potentials it consists of Fe3O4 and Fe(OH)2, while at higher it may consist of Fe2O3
and FeOOH [17]. The passive film is formed on top of a nickel enriched layer, at the
interface between the oxide layer and the bulk metal. Its origin is the selective oxidation
of iron and chromium during anodic polarization. The passive film itself will however
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contain almost no nickel [11], as shown in Figure 2.3.

Figure 2.3: Composition of the passive film often created on austenitic stainless steel [11].

As illustrated in Figure 2.3, Mo is unlike Ni, enriched in the passive film. This is especially
in the inner chromium oxide layer. The protective character of the passive film is mainly
associate with the inner layer [19].

On DSS, a heterogeneous passive film is formed on both the austenite and ferrite phase,
due to the different composition of the phases. Different alloying elements are partitioned
to the two phases. In general, Cr and Mo to the passive film in the ferrite, and Ni and N
to the passive film in the austenite [20].

To study the chemical composition of the passive films created on stainless steels, different
surface analysis methods can be applied, such as auger electron spectroscopy (AES), X-ray
photoelectron spectroscopy (XPS) and secondary ion mass spectrometry (SIMS) [21][22].
XPS can be used to study the composition and depth profiles of the passive film [19], and
is widely used [17][19][21].

A breakdown of the passive film is either a result of mechanical damage or due to a
chemical attack. This local breakdown often results in localized corrosion, such as pitting
corrosion, crevice corrosion or SCC. Local breakdown of the passive film is therefore a very
important reason for failure of stainless steels [8]. The passive film is not impenetrable to
chlorine ions, and chloride ions may attack the passive film [9]. In the presence of chloride
ions the passive film can therefore be broken, and the stainless steel is then susceptible
to localized corrosion [23][24]. In addition to environmental parameters, such as chloride
content and temperature, resistance to pitting and crevice corrosion of stainless steels are
also dependent on alloying elements. As mentioned before, alloying elements such as Mo,
Cr and Ni will improve the corrosion resistance. The synergistic effects of these alloying
elements can both help stabilizing the passive film, and heal the passive film in case of
damage through rapid repassivation [8].
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2.3 Crevice corrosion

Localized corrosion is a very damaging type of corrosion since the corrosion current is
limited to a small area and has a large penetration depth. The corrosion current density
at the anode is often large, due to a large cathode area (the outside of the attacked area)
and a small anode area (inside of the attacked area) [10].

The corrosion attack is called pitting corrosion if it is initiated at an open surface, and
crevice corrosion if it is initiated at an occluded site [7]. Pitting and crevice corrosion
are very similar. Some authors suggest that pitting corrosion is a special case of crevice
corrosion, while others that crevices simply are large pits [25]. Metals and alloys that
develop a passive film will be more prone to these localized attacks. The reason for
this is that metals and alloys that does not develop a passive surface film usually corrode
uniformly due to the high access of the oxidizing species that support the cathodic reaction
[26].

Crevice corrosion is defined as the localized corrosion of a metal or alloy surface at, or
right next to, an area that is not fully exposed to the environment because it is close to
another metal or alloy surface, or next to another surface of the same material, according
to [27]. Crevice corrosion develops in narrow openings or spaces between metal-metal or
metal-non-metal intersections, such as joints, flanges, and welds [26].

Inside the crevice, mass diffusion is restricted and an environment with dissolved oxygen,
decreased pH and chloride ions is established. This change in the chemical environment
makes repassivation of the surface inside the crevice difficult. Since the rate of the anodic
reaction inside the crevice is balanced with the rate of the cathodic reaction outside, the
corrosion rate inside the crevice will be high [28]. The chemistry that develops inside an
active crevice is illustrated in Figure 2.4 [29].

Figure 2.4: The chemistry that develops inside the crevice during crevice corrosion [29].
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2.3.1 Crevice corrosion mechanism

A well-established model for the crevice corrosion mechanism of stainless steels is the
passive dissolution model [26]. When a passive metal or alloy is partially covered by a
non-metallic surface and exposed to seawater the following reactions will take place:

M →MZ+ + Ze− (2.2)

and
O2 + 2H2O + 4e− → 4OH− (2.3)

Equation 2.2 and Equation 2.3 are the dissolution of the metal and the reduction of oxygen,
respectively. The reactions occur both inside and outside the crevice initially, but after
a while oxygen is depleted inside the cavity. The oxidation reaction continues inside the
crevice, and results in an excess of metal cations, MZ+. Further on, as this corrosion
process continues, the metal cations in the crevice hydrolyze according to Equation 2.4.
The reaction results in the formation of protons (H+) [26].

MZ+ +H2O →MOH(Z−1)+ +H+ (2.4)

To balance the excess metal cations, anions such as chloride ions, moves from the bulk
into the cavity of the crevice. This equalizes the charge difference and increases the
concentration of metal chlorides inside the crevice. The acidic environment created by
Equation 2.4 increases the dissolution rate of the metal in the crevice. This results in the
production of more protons and further increase of the chloride content [26].

Even though the occurrence of localized corrosion depends on various factors, can how
prone one specific type of stainless steel is to localized corrosion mainly be determined
by the environmental conditions, such as temperature, chloride content, pH and oxygen
content [4].

2.4 Parameters affecting crevice corrosion

Crevice corrosion of stainless steels is affected by several environmental parameters.
Among these plays temperature, pH and chloride content an important role. As
illustrated in Figure 2.5, corrosion resistance of stainless steels will in general decrease
when temperature, chloride content and acidity of the electrolyte increase [5]. The curves
show that the crevice corrosion potential decrease when the temperature and chloride
concentration are high and pH is low. The location of the crevice corrosion potential,
Ecrev on the curves is illustrated in Figure 2.5c.
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Figure 2.5: Example of how the potentiodynamic polarization curves to stainless steels are
influenced by different environmental parameters [5].

2.4.1 Temperature

An increase in temperature, increases the rate of most chemical reactions [30]. In general,
increased temperature will result in an increased tendency of local corrosion of metal
and alloys, and faster pitting and crevice propagation. More positive pitting and crevice
corrosion potentials are observed at lower temperatures, while more negative potentials
are observed at higher temperatures [31]. In addition, increased temperature will result
in faster diffusion and increased porosity of the passive film [32]. Increased porosity can
lead to decreased resistance towards breakdown of the passive film and make the passive
film less protective [33].

Temperature has a significant effect on corrosion of stainless steel in chloride solutions.
It will affect the frequency distribution of the momentary variation in current, towards
higher current. This indicates that a change in temperature can primarily increase the
metastable pit growth, rather than activating new sites [31]. An increase in temperature
will promote the corrosion tendency, because the corrosion process for the transition from
metastable to stable corrosion is accelerated [31] or due to reduction in charge transfer
resistance [33]. This also suggests that the transition from metastable to stable pit growth
is easier accomplished at higher temperatures [31].

Most materials experience pitting and crevice corrosion above a certain threshold value,
critical pitting temperature (CPT) and critical crevice temperature (CCT), respectively
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[31]. In the same environment crevice corrosion will occur at a lower temperature than
pitting corrosion. Consequently, CCT will in general be lower than CPT [10].

2.4.2 Chloride content

When chloride ions are present, stainless steels can be exposed to local attacks in the
form of pitting or crevice corrosion. This is due to the breakdown of the protective
passive film at random sites caused by the chloride ions [34]. The chloride ions have high
diffusivity, a small size and a strong acidic anionic nature. Their small size allows the
ions to penetrate though the passive film. Experiments have shown that an increase in
the chloride concentration decreases the corrosion resistance of stainless steels [30].

The presence of chloride can be destructive to the stability of the passive film. Three
models are frequently used to describe the effect of chloride ions presence; adsorption
causing local dissolution of the film, anions penetrating the film causing weakening of the
oxide bonds, and breakdown of the film at defects [11].

Higher chloride concentration increases the probability of chloride ions to be adsorbed or
to penetrate through the passive film. In addition, a greater availability of chloride ions
will make it easier for the ions to replace water molecules or hydroxide ions at undeveloped
or damaged parts of the passive film [35]. If chloride ions are adsorbed at sufficient high
chloride concentrations, further film formation will be prevented and anion vacancies can
be created in the film and cause it to collapse [36].

2.4.3 pH

Change in pH would change the chemistry of a solution, and thereby affect the corrosion
characteristics of stainless steels [37]. Increasing the pH leads to a lower dissolution rate,
resulting in a thicker passive film with higher iron content, as iron oxides are more stable
in an alkaline solution [11]. In an acidic solution, the passive film will be weakened and
the passive film will become thermodynamic unstable if the solution is severely acidic,
according to the Pourbaix diagram [5].

There are different explanations on why the passive film becomes unstable when the pH
is low enough. While some authors believe that an acidic solution decreases the localized
corrosion resistance due to the decreasing thickness and more defects in the passive film
[38]. Other authors think it is due to the competition between chloride ions and hydroxide
ion for the opportunity to be adsorbed on the metal surface. When the pH decreases, the
chloride ions will become more predominant, and the passive film will become thinner.
After local depassivation occurs, the chloride ions will continue to compete with the
hydroxide ions. If chloride ions are adsorbed to the surface, it will prevent repassivation
of the surface [39].

Dastgerdi et al. [4] observed that the breakdown potential increased with increasing
pH. Higher pH values moved the potential in a more noble direction. In severe acidic
solutions, with pH 2.7, the metal had an active behavior and the passive part of the
polarization curves disappeared. The report states pH had a significant effect when the
chloride concentration in the solution was low (100 ppmw chloride). At higher chloride
concentrations (10 000 ppmw chloride), pH had a less significant effect. Additionally, in
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the pH range 4-7, the breakdown potential showed little change with increasing pH. This
was especially prominent when the chloride concentration was high [4]. Similar results
was also observed by Tzaneva [40], which stated that the pH of the solution did not
significantly influence the protective properties of the passive film on austenitic stainless
steels at pH 2-10. The experiments included testing in 3.5% NaCl solutions with pH 1-12
[40].

2.4.4 Fluid flow

Crevice corrosion tests are normally conducted in static solutions. For stainless steels, fluid
velocity is an important parameter to include when determining the materials suitability
in a specific environment [41]. Fluid velocity can alter the local composition inside pits
and thereby affect pit growth rate or repassivation [42]. In addition, increased velocity
can increase the cathodic reaction rate outside the pit or crevice. Less pitting has been
observed on austenitic stainless steels, such as AISI 304 and 316 with increased fluid
velocities. Velocities above 1.5 m/s is recommended to avoid pitting [41][43].

When studying the effect of different parameters on pitting corrosion of AISI 316L
stainless steel in aqueous solution, Malik et al. [34] observed that static conditions
were more suitable for pit initiation and propagation, compared to dynamic. Fewer pits
were observed on the specimen surface under dynamic conditions [34]. Danek [44] also
observed that dynamic flow increased the localized corrosion resistance of stainless steel
in sea water [44].

Wharton and Wood [41] investigated how flow conditions influenced corrosion of AISI
304L stainless steel. The results showed that metastable pitting occurred at static, laminar
and turbulent conditions. Laminar and turbulent flow showed little overall effect on the
nucleation rate of metastable pits. By comparing laminar and turbulent flow the results
showed that stable pits were more prominent at laminar flow, right before the transition
to turbulent flow [41]. Brown et al. [45] observed that under laminar flow conditions,
increased flow velocity stabilized the passive film on stainless steel and made it more
resistant towards pit initiation [45].

Fabbricino and Korshin [46] studied the behavior of corrosion potential (otherwise referred
to as open circuit potential (OCP)), Ecorr of iron exposed to drinking water, sulfate
solution and chloride solution in stagnation and flow conditions. The results showed that
Ecorr decreased during stagnation condition, and increased during flow conditions. This
was the case for all the solutions tested. Presence of sulfate or chloride ions resulted in
decreased Ecorr, and Ecorr decreased with increasing chloride concentration [46].

The effect of fluid flow on localized corrosion of stainless steel will not be a part of the
experimental work in this thesis. A review of literature was performed to investigate the
effect of different flow conditions. It was included as a part of the theoretical background
as it proved to be an important parameter to consider when evaluating the suitability of
a material in a corrosive environment.
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2.5 Produced water systems

The term produced water is used for water that is trapped in underground formations
and is brought up together with oil or gas. This by-product can consist of formation
or condensate water. The physical and chemical properties vary, but produced water
contains in general salts, organic acids, carbon dioxide and other organic compounds.
Both produced water in oil wells and the condensate in some gas wells can contain a lot
of salt and are usually more saline than seawater [47].

The sea water in the North Sea has an ambient pH of 8.1 and chloride concentration of
about 19 000 ppmw. Conditions reported for produced water emissions from oil and gas
platforms located in the North Sea are presented in Table 2.3.

Table 2.3: Water conditions for produced water from oil and gas platforms in the North Sea
[48].

Water type Chloride concentration [ppmw] pH
Sea water 19 000 8.1

Formation water 12 000 - 100 000 6.0 - 7.7
Condense water <1000 - 189 000 3.5 - 5.5

Formation water is produced water from crude oil production and condense water is
produced water from natural gas production [48]. The material used for produced water,
such as carbon or stainless steels can be prone to corrosion due to the high chloride content
and low pH and the dissolved gases (CO2 and H2S) in gas wells [47].

2.6 Test methods for crevice corrosion

Different test methods can be used to characterize the localized corrosion resistance of
stainless steels [49]. ASTM G48 is a commonly used standard to evaluate the corrosion
resistance of stainless steels, and ASTM G48 method D and F can be used to determine
the CCT of a material [50]. The standard is a non-electrochemical test method and
determines corrosion resistance based on weight loss and visual observations for a sample
exposed in a specific electrolyte at a fixed temperature. It can be used to qualitative rank
crevice corrosion resistance [49].

Electrochemical methods can be used to obtain quantitative information about pitting
and crevice mechanisms, in addition to rank localized corrosion resistance of different
materials. Tests conducted with these methods can be used to quantify critical potentials,
such as the crevice corrosion potential, Ecrev and repassivation potential, Erep. Several
test methods can be used, but ASTM G61 standard is definitely the most common
electrochemical method used to determine the susceptibility to localized corrosion of
stainless steels [49].

Another electrochemical methode is the ASTM G150 standard. ASTM G150 can be used
to determine the CPT, and be modified to determine the CCT. The method can also
be used to predict the condition resulting in stable crevices. This involves applying a
fixed potential followed by measuring of the current response as a function of time when
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increasing the temperature [51]. As the objective of this thesis is to establish Ecrev and
Erep, ASTM G61 will be used as experimental method.

2.6.1 Cyclic potentiodynamic polarization curves

Recording anodic polarization curves is common practice to investigate the active-passive
behavior of different alloys, and can be used to study the corrosion behavior of stainless
steels. A common approach to record these curves is based on the potentiodynamic
method. How to carry out this method is described in ASTM G61 [52] and will be
presented in Section 4.2. Since the materials investigated in this thesis are expected to
exhibit crevice corrosion at the chosen test conditions, an introduction to these curves is
presented in this section.

The cyclic potentiodynamic polarization (CPP) technique uses a three electrode
configuration cell [53]. The applied potential between the working and the reference
electrodes are increased from a low value to a high value, until a predefined current
density or potential is reached. Then the applied potential scan is reversed. The
reversed scan is continued until the hysteresis loop is closed or the corrosion potential is
reached [49]. The current through the working and counter electrode is measured, and
after taking the working electrode area into account the current density is calculated.
As a result of this test, the potential is plotted against the logarithm of the current
density [53]. This technique can be used alone or combined with changing environmental
parameters, such as chloride content, pH or temperature [49]. An example of a cyclic
potentiodynamic polarization curve for pitting corrosion is presented in Figure 2.6.

Figure 2.6: An example of a typical cyclic potentiodynamic polarization curve for pitting
corrosion for a sample exhibiting protection potential [54].

Prior to the anodic polarization scan, the sample is immersed in the electrolyte until
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the OCP is stable. After reaching the steady state, the potential scan is started at the
measured OCP or 100 mV below, depending on the test method [54].

When the tested sample undergoes localized corrosion, the passive film will be damaged.
This corresponds to the breakdown potential, which in the case of pitting corrosion
becomes pitting corrosion potential, Epit or crevice corrosion potential, Ecrev in the event
of crevice corrosion [53]. This is the potential where the current density increases rapidly.
Crevice corrosion can only be initiated when the potential exceeds the crevice corrosion
potential [54].

After the scanning direction is reversed, the scan will continue until it crosses the
forward scanning polarization curve or until the corrosion potential, Ecorr is reached. The
intersection between the forward and reversed scanned curve is called the repassivation
potential, Erep [54]. Propagation of crevices can only continue above Erep [55]. When the
potential is between Ecrev and Erep, only the propagation of already initiated crevices
can continue. The difference between these two potentials indicates the probability of
localized corrosion. Greater difference between Ecrev and Erep indicates lower crevice
corrosion resistance [54].

The size of the hysteresis loop is determined by the difference between the current density
for the forward and reversed scan at the same potential. A larger loop indicates more
passive film disruption and more difficulties restoring the damaged film, resulting in
decreased corrosion resistance [54].

To protect the material from crevice corrosion, the potential should be kept under Erep.
The repassivation potential, Erep can be affected by different environmental parameters,
such as chloride content. Accumulation of chloride ions inside the crevice can prevent
repassivation of the crevice wall. Deeper crevices will hinder repassivation as well, due to
slower transport kinetics between the crevice tip and the bulk solution [55].

Several methods can be used to determine Ecrev and Erep from the anodic cyclic
potentiodynamic polarization curves. In this thesis Ecrev is determined at the intersection
point illustrated in Figure 2.7. Erep is determined at the point where the hysteresis loop
closes, this intersection point is illustrated in Figure 2.8 [56][57].
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Figure 2.7: Ecrev is determined as the potential at the inflection point, illustrated as EP [56].

Figure 2.8: Erep is determined as the potential where hysteresis loop closes, illustrated as ERP

[56].
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The passive current density curve usually has a steep slope and the current density, ipass
can be determined at the midpoint of this part of the curve. If the slope is not steep, a
middle value will be extrapolated in this thesis.

2.7 Design of experiments

In a traditional approach to experimental procedure, where all test parameters are
included in the test program, a high number of tests must be conducted. The effect of
one parameter is studied at a time by keeping the others constant. By using factorial
design, multiple factors can be changed at once, and interactions between variables are
taken into account. In contrast to the traditional approach, parameters will be varied
together instead of one at a time [58]. The factorial design planning process, or Design
of experiments (DOE) is defined as "A systematic series of tests, in which purposeful
changes are made to input factors, so that you may identify causes for significant changes
in the output responses." [58].

For instance, if the effect of three different parameters are investigated and four values
for each of the parameters are tested, total number of tests will be: 43 = 64. If all the
tests are repeated, this will result in 128 tests. DOE can reduce the number of tests by
maximizing information with a minimum number of tests [58]. This is done by identifying
the best experimental combinations. DOE uses a collection of mathematical and statistical
techniques, and can obtain a correlation between the different parameters by creating a
regression equation [5].

DOE is in general divided into two main categories; screening and optimization methods.
Screening techniques are applied to determine which parameters that have an effect and
to what extent [59]. This is done by conducting experiments at two levels for each
parameter; a maximum and a minimum. This is maximum and minimum values for the
chosen parameter, relevant for the experiment. The method uses a first-order regression
model to determine the relationship between the parameters. Optimization methods are
more extensive as they in addition to determine the significant parameters, also find the
best model. This method is also based on conducting experiments at different levels for
each parameter. In addition to the maximum and minimum levels included in screening
methods, the average between maximum and minimum is also included. When using
these methods, maximum and minimum are referred to as a factorial point. The average
between maximum and minimum is referred to as center points. Center points reduces the
amount of error in the model. Response Surface Methodology (RSM) is a very important
optimization method, and can develop both first- and second-order regression models [60].

Dastgerdi et al.[5] used DOE to study the influence of temperature, pH, and chloride
concentration on localized corrosion of stainless steel. By using a RSM method called
Central composite design (CCD), number of tests necessary to investigate the effect of
different parameters on the passivity breakdown potential were reduced [5]. In addition
to factorial and center points, this method consider star points too. Star points were
decided by the software used in the study and were extrapolated from the maximum and
minimum levels [59]. This method is a five level design, which means that five points/levels
are generated for each factor investigated; a minimum, a star point extrapolated from
the minimum, a maximum, a star point extrapolated from the maximum and a center
point, the average between the maximum and minimum. Figure 2.9 shows a schematic
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illustration of the CCD design.

Figure 2.9: Schematic illustration of the CCD method, including the different points; factorial
(F), center (C) and start (S) points [59].

By using the CCD method, Dastgerdi et al. [5] reduced number of tests from 250, as it
would have been by the traditional approach according to the report, to 40 tests. The use
of DOE provided a regression equation, which was used to evaluate the effect of different
parameters on the pitting and crevice corrosion of UNS S30403 stainless steel. The
regression equation was analyzed by comparison with laboratory results and literature.
DOE agreed well with literature and experience regarding localized corrosion, in most
conditions. However, the DOE result overestimated the pitting corrosion resistance in
some conditions. In the report this is explained by the fact that the surface area and
finishing may be different or the occurrence of more severe crevices in real application. The
results showed that passivity breakdown potential was affected by temperature, chloride
concentration and pH, and the temperature had the most severe effect [5].

Dastgerdi et al. [4] also compared screening and optimization methods, by comparing
the CCD method to a full factorial design. Full factorial design is a type of screening
method, and considers all possible maximum and minimum combinations of all the input
parameters. The experiments were conducted at two levels; maximum and minimum
level. The CCD method on the other hand, implements a higher number of levels by
including center and star points as well. Number of tests conducted were 16 for the full
factorial design and 40 for the CCD method and were based on number of levels included
by the methods. Higher number of levels resulted in more tests. After conducting the
experiments it was concluded that both DOE designs corresponded well with experimental
results. Nonetheless, the optimization method, CCD was preferable, because it predicted
the midpoints better [4].
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DOE will be used in this master thesis to evaluate the effect of environmental parameters
on the crevice corrosion of stainless steels, evaluate the experimental procedure and
optimize number of tests. After performing the experiments, the crevice corrosion and
repassivation potentials obtained from the polarization curves will be introduced to the
software. The softwares used in this thesis is Unscrambler and Design-Expert, provided
by Camo Analytics [58]. The softwares will be used to analyze the results and evaluate
the significance of the different parameters.
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3 State of the art

It is well known that crevice corrosion is affected by several environmental parameters,
and several studies have been conducted to investigate the effect of different parameters.
However, there are significantly fewer studies devoted to the effect of dissolved oxygen
than effect of other parameters on corrosion of various materials [6]. CRAs are used in
the water injection service to a large extent, for instant in process piping, pumps and
valves. A current limit of 10 ppbw dissolved oxygen for these materials are used in the
industry. During actual operation, this limit can be exceeded due to various unavoidable
situations. In addition, sometimes it is difficult to control the dissolved oxygen content
and keep it below 10 ppbw during operation [2]. Oxygen content will be stated as ppb
instead of ppbw further on in this thesis.

In this section, previous research on the effect of oxygen on crevice corrosion and the
maximum acceptable oxygen content to avoid pitting and crevice corrosion on 316L, DSS
and similar stainless steels are presented. The state of the art and relevant literature were
reviewed through a literature survey in the specialization project preceding this thesis [1].
Parts of this section are similar to the corresponding section in the project report, but
has been amended with discussion of a few additional papers that have been studied after
the specialization project.

3.1 Effect of oxygen

Dissolved oxygen is one of the main reasons for corrosion, frequently pitting and crevice
corrosion, in the oil and gas industry [61]. Corrosion types connected to the oil and gas
industry, such as H2S corrosion, CO2 corrosion and microbiologically induced corrosion
have been considerably studied. Compared to these, oxygen corrosion can act as an
equal or greater threat. An aqueous environment containing oxygen is aggressive towards
stainless steels due to the strong oxidizing nature of the oxygen [62]. As a strong oxidizer,
oxygen reacts quickly with metals, such as iron [61]. Not only can oxygen cause serious
corrosion damage, but a lot of corrosion inhibitors does not work well in the presence of
oxygen [62].

Generally, two main effects of dissolved oxygen on the corrosion rate exists. Dissolved
oxygen in seawater is in general a very aggressive species towards corrosion of metals,
and is dependent on type of metal or alloy. CRAs have negligible general corrosion in
aerated water due to the protective passive film created on the surface. This film is formed
immediately when exposed to oxygen. A high oxygen content will therefore be favorable
for the formation of the passive film [63], which protects the material from corrosion.
Nevertheless, CRAs can be susceptible to localized corrosion in aerated seawater. Surface
deposits on these alloys can create oxygen concentration cells, which can cause pitting
and/or crevice corrosion [64]. In an oxygen concentration cell, the passive film on the area
with access to the dissolved oxygen will be in better condition than the area shielded from
oxygen. As a result of this, the area with oxygen access will be cathodic to the shielded
area [65]. Under cathodic control, the corrosion rate will be limited by the rate of the
cathodic reaction, the reduction of dissolved oxygen, which is consumed as an depolarizing
agent. In this case, increased oxygen concentration will raise the corrosion current and
the corrosion rate [66][67].
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Rybalka et al. [6] studied corrosion currents of 17-4 stainless steel in a NaCl solution
with different dissolved oxygen concentrations. When the dissolved oxygen concentration
in the solution was below 20%, the results showed that a small increase of the oxygen
content resulted in a significant change of the corrosion potential, towards more positive
values. On a cathodically activated surface, an increase in oxygen concentration resulted
in a facilitation of the cathodic reaction and consequently increased the corrosion rate [6].

3.1.1 Alteration of the passive film

Dissolved oxygen will dominate the oxidation process when available and increase the
potential of the metal. Increased potential might move the metal into the passive region
and can affect the passive film and the composition of the film [22].

In sodium chloride solutions, the oxygen content has been found to alter the passive film
on stainless steels. Even at concentrations of only 10 ppb, dissolved oxygen were found to
alter the oxide film of stainless steels at high temperatures, resulting in increased corrosion
potential (otherwise referred to as OCP) [68][69]. For oxygen concentrations within the
passive region, presence of chloride ions can cause localized corrosion as a result of the local
breakdown of the passive film, as mentioned earlier. The chloride ions will competitively
displace the adsorbed oxygen at the local anodes formed in the restricted areas [67].

Feng et al. [70] studied how dissolved oxygen affected the electrochemical behavior of 316L
in borat buffer solution. The report suggested that sufficient amount of oxygen bubbles
in the solution can change the morphology, structure and growth of the passive film. This
would have an effect on the anodic dissolution of the metal. Results showed that both
the cathodic and the anodic process of 316L were accelerated when the dissolved oxygen
content in the solution were increased [70].

Baek et al. [22] studied the effect of dissolved oxygen on the corrosion film on low
carbon steel in a NaCl solution. The report stated that dissolved oxygen had a critical
role regarding the formation and growth kinetics of the passive film on the steel. By
changing the oxygen concentrations, the iron oxide products developed changed: at high
concentrations with formation of γ − Fe2O3 and FeOOH, and at low concentrations with
formation of α− Fe2O3.

3.1.2 Oxygen reduction reaction

The cathodic process related to corrosion of alloys in aerated chloride solutions, primarily
the oxygen reduction, is an important factor to consider when determining the corrosion
rates of CRAs [71]. By increasing the rate of the cathodic reaction, oxygen can increase
the corrosion rate, both as uniform and local corrosion. [62].

Chen et al. [62] investigated the corrosion behavior of Q345R steel in 1 wt% NaCl
solution, and the effect of oxygen concentration, temperature and pH. The report stated
that the oxygen concentration affected the corrosion behaviour of the material. The
experimental results showed that the corrosion potential increased with increasing oxygen
concentration, indicating that the corrosion of Q345R steel is determined by the cathodic
reaction. Increased oxygen concentration also increased the corrosion current density,
which was interpreted as an accelerated cathodic reaction as a result of the increased
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oxygen content [62].

Wang et al.[72] studied the effect of dissolved oxygen on the corrosion behavior of API-X80
pipe steel in a solution simulating soil medium. This was done in a weakly acidic aqueous
solution, with small amounts of different salts, first of all 46.8 ppmw NaCl and pH 4.5.
The results showed that the corrosion rate was controlled by the dissolved oxygen content.
At a concentration of 0.85 ppmw in the solution, the presence of oxygen had an effect on
the cathodic process. The corrosion rate decreased with decreasing oxygen concentration.
However, when the oxygen concentration was above 1.90 ppmw, the corrosion rate was
controlled by the anodic process. The results showed that the presence of dissolved oxygen
also had an effect on the composition of the corrosion products [72].

3.2 Oxygen application limit

Due to the effect oxygen has on the corrosion resistance, stainless steels must be operated
within a oxygen content limit. The application of the corrosion resistant alloys 316L,
DSS and 25% Cr super duplex stainless steel (SDSS) are often limited to 10 ppb dissolved
oxygen in well fluid conditions, according to Wahaibi et al. [2]. This is the general practice
among the oil companies. The importance of evaluating the oxygen content during
materials selection is stated in ISO 21457 [73], which is currently the only international
standard covering all issues regarding materials selection, according to [74].

Wahaibi et al. [2] suggested that this application limit could be expanded. They
conducted experiments with 316L, DSS and SDSS, to investigate pitting and crevice
corrosion. NaCl concentrations used in the tests were 16, 100, 167 and 250 g/L NaCl,
temperatures were 50 °C and 60 °C and dissolved oxygen concentrations were 20, 50 and
100 ppb. The results showed that 316L was less resistant towards pitting and crevice
corrosion than DSS and SDSS. An increased oxygen concentration in combination with
the presence of chloride ions resulted in increased localized corrosion. The results showed
that an increased oxygen content resulted in more evident effect of the salt content
and temperature as well. The conclusion from the study was that 316L was resistant
to localized corrosion up to 20 ppb dissolved oxygen. DSS was resistant up to 20 ppb
dissolved oxygen for all tested salt concentrations and temperatures and 50 ppb dissolved
oxygen, except in solution with 250 g/L NaCl at 60 °C. SDSS was resistant to localized
corrosion at all salt concentrations and temperatures tested. An increase from 20 ppb to
100 ppb dissolved oxygen showed no effect on the corrosion resistance of SDSS [2].

Larché et al. [75] investigated corrosion attacks on DSS (UNS S82551) in treated seawater
at 30 °C with different dissolved oxygen concentrations. The results showed that the risk
of crevice propagation increased with increasing dissolved oxygen content. In other words,
higher oxygen content resulted in higher corrosion rates. No crevice corrosion occurred
on UNS S82551 when the dissolved oxygen concentration was below 50 ppb. This fits
well with the results obtained by Wahaibi et al. [2], where DSS was resistant to crevice
corrosion when the dissolved oxygen content was 50 ppb at 50 °C.
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3.3 OCP measurements at different oxygen contents

In this thesis, the crevice corrosion potential, Ecrev and corresponding repassivation
potential, Erep for 316L and DSS at different environmental conditions will be established,
by conducting tests with different chloride content, temperature and pH. By using the
established Ecrev and Erep, the maximum acceptable oxygen content at the different
conditions can be defined. This is done by measuring the OCP of the materials in
solutions with different oxygen contents. The change in OCP with increased dissolved
oxygen (DO) content of stainless steel with PREN in the range 23–38 is presented in
Figure 3.1 [76]. This is unpublished data established by Equinor, that has been given
permission to be used in this master thesis. The dissolved oxygen limit is defined
when the OCP equals the established Ecrev or Erep. Erep would be a more conservative
application limit, as this potential normally is below Ecrev.

Figure 3.1: OCP development as a function of dissolved oxygen (DO) content, for stainless
steel in solution with 19 000 ppm chloride and pH 7.5 at 45 °C [76].
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4 Experimental

The objective during the experimental work in this thesis was to investigate the effect of
chloride content, temperature, pH and oxygen content on the crevice corrosion potential
and repassivation potential for 316L and DSS, as well as study the development of crevice
corrosion. The experimental work included anodic CPP and OCP measurements.

The anodic CPP curves were established according to ASTM G61 [52] at selected test
conditions. Test conditions that enabled tests in electrolytes with similar properties as
produced water were chosen. The experiments were conducted in an environment without
oxygen, as the oxygen in the electrolytes were removed prior to each test. Anodic CPP
measurements were also conducted in the specialization project preceding this thesis [1].
Description of the material preparation and ASTM G61 are the same as in the project
report and are included below. Two different setups were used to record the anodic CPP
curves, as the setup was improved based on experiences from the specialization project.
Setup 1 was used during the specialization project [1], while setup 2 was used in this
thesis. Description of both setups and differences between the two are included below, as
results from the specialization project are evaluated in this thesis as well.

Experiments where the samples were exposed at OCP for 48 hours at different test
conditions were also conducted. These results were planned to be compared with the
result from the tests according to ASTM G61 [52], to define critical dissolved oxygen
content. Tests with different oxygen contents were therefor supposed to be conducted.
Due to the COVID-19 pandemic, only tests without oxygen and one test saturated with
oxygen were completed.

4.1 Test materials and material preparation

The same materials and sample preparation were used for the anodic CPP and OCP
tests. The chemical composition of 316L and DSS used are included in Table 4.1 and
Table 4.2, respectively. Material certificate for 316L is provided in Appendix A.1 and for
DSS in Appendix A.2. PREN for the materials calculated according to Equation 2.1 are
presented in Table 4.3.

Table 4.1: Chemical composition of AISI 316L stainless steel [wt%] used in the experiments.

C Si Mn P S Cr Ni Mo N
0.018 0.46 1.29 0.034 <0.001 17.0 10.6 2.52 0.052

Table 4.2: Chemical composition of 22% Cr duplex stainless steel [wt%] used in the experiments.

C Si Mn P S Cr Ni Mo Nb Cu Co N
0.018 0.34 1.33 0.027 0.001 22.53 5.68 3.15 0.011 0.30 0.130 0.178
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Table 4.3: Calculated PREN values for the test materials.

Material PREN

316L 26,15
DSS 35,77

316L and DSS were delivered as plates from the manufacturer, Outokumpu. Each sample
was 41x41 mm. The 316L samples had a thickness of 2 mm and DSS of 3 mm. Each
sample had a drilled hole with diameter of 1 mm. This hole was used to attach a platinum
wire to mount the sample in the polarization cell. Each sample also had a 7 mm hole in
the center for the crevice former, as illustrated in Figure 4.1 and Figure 4.2.

(a) Sample prior to grinding. (b) Sample after grinding.

Figure 4.1: 316L samples used in the experiments

(a) Sample prior to grinding. (b) Sample after grinding.

Figure 4.2: DSS samples used in the experiments

Prior to the experiments, all samples were wet grinded with 80-500 grit SiC-paper. By
starting at the roughest paper, the samples were grinded until previous rough scratches
were removed, and the edges were rounded off. Finally, the samples were wet polished
with 500 grit SiC-paper. Prior to assembly, the samples were degreased with soap water,
water and distilled water, and in an ultrasonic bath using acetone. They were then dried
and stored in an exicator overnight. This was to ensure that the passive film was restored
before initiating the experiments. Before testing, the samples were also weighed, and the
lengths and thickness were measured.
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To obtain the current density, the area of the working electrode, the sample, was calculated
before the experiments were conducted, according to Equation 4.1:

A = 2l1l2 + 2l1t+ 2l2t− 2πr21 − 2πr22 (4.1)

Where l1 and l2 are the lengths of the sample, t is the thickness, r1 is the radius of the
hole in the middle for the crevice former and r2 is the radius of the little hole for the
Pt-string, as pictured in Figure 4.1 and Figure 4.2. This was the procedure in setup 1.

In setup 2, the area of the working electrode used to obtain the current density was
changed to the area of the sample that was covered by the crevice former. This change
was made because this area is the active surface area, and not the whole sample. The
area of the sample covered by the crevice former was calculated according to Equation
4.2:

A = 2πdformertformer (4.2)

Where dformer is the diameter of the crevice former and tformer is the thickness of the
crevice former. It is multiplied by two since the former covers both sides of the sample.

4.2 ASTM G61

An experimental procedure according to ASTM G61 [52] was conducted to record the
anodic CPP curves and to obtain the OCP, Ecorr, Ecrev, Erep and ipass. OCP and corrosion
potential refers to the same potential, but the OCP was measured prior to the polarization
scan and the corrosion potential was obtained from the anodic CPP curves as described
in Section 2.6.1. The scan started 100 mV below the OCP measured prior to the test.
The parameters obtained from the curves were used to compare the corrosion properties
at different test conditions, and evaluate the effect of temperature, chloride content and
pH.

4.2.1 Chemicals and test conditions

The polarization cell should be similar to the one described in G5 [77]; with a cell
capacity of about 1 L with suitable necks or seals for the electrodes, gas inlet and outlet,
thermometer and pH-meter.

The working electrode (WE) was a 316L or DSS rectangular plate, the reference electrode
(RE) was an Ag/AgCl electrode saturated with KCl and the counter electrode (CE) was a
platinum wire in setup 1 and a graphite rod in setup 2. A salt bridge was used to separate
the bulk solution from the reference electrode (RE) in setup 1. In setup 2, RE was placed
in a glass holder placed directly in the electrolyte. Gamry Interface 1000 potentiostat was
used to record the curves and maintain the pre-set electrode potential. Electrolytes with
chloride concentrations 600 ppmw, 5000 ppmw and 120 000 ppmw, stated as ppm further
on in the thesis, at 30 °C and 95 °C were selected as test conditions. Two tests at each
condition were carried out. The electrolytes were purged with either N2 or CO2 gas to
remove the oxygen and to obtain different pH values. The test conditions are presented
in Table 4.4.
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Table 4.4: Test conditions used to record the anodic CPP curves.

Test condition Cl−conc. [ppm] Temperature [°C] Type of gas
1 600 30 N2

2 600 95 N2

3 600 30 CO2

4 600 95 CO2

5 5000 30 N2

6 5000 95 N2

7 5000 30 CO2

8 5000 95 CO2

9 120 000 30 N2

10 120 000 95 N2

11 120 000 30 CO2

12 120 000 95 CO2

Due to the COVID-19 pandemic, test condition 5 was only carried with 316L and test
condition 7 was not carried out with either of the materials. The choice to prioritize the
other test parameters was made on the basis of DOE; the maximum and minimum level
for each parameter were prioritized. A screening method similar to a full factorial design
was thereby used in this thesis.

4.2.2 Crevice assembly

During experiments regarding crevice corrosion, crevice formers or in particular the
multiple crevice assembly (MCA) are used. A MCA consists of several plateaus and
hollows, which creates a serrated pattern. This is to create several crevice initiation sites
at one sample, which enables statistical analysis with fewer parallel tests [49].

As a part of the CREVCORR-project, a project to develop a qualification test for crevice
corrosion of stainless steels in marine environments [78], a disc spring multiple crevice
assembly (DSMCA) was concluded to be the most suitable artificial crevice former [79],
presented in Figure 4.3.

A crevice assembly similar to this was used during the experiments. The crevice assembly
used in the experiments consisted of titanium washers, bolt and nut, a PVC tube as
insulating sleeve, disc spring and centralizing ring, and PEEK crevice formers.

4.2.3 Procedure and apertures

After sample preparation, the sample was mounted to the crevice assembly and the
electrode holder. The samples were assembled as illustrated in Figure 4.3 and tightened
by applying a torque, using 2 Nm. After preparing the sodium chloride solution by
dissolving NaCl in distilled water, the test solution was transferred to the polarization
cell. The electrode holder was then placed in the polarization cell. The sample was
kept above the solution level, at any time. Finally, the counter electrode, the salt-bridge
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Figure 4.3: Illustration of the DSMCA [79].

probe/reference electrode, thermometer, the cooler and the gas inlet/outlet were placed
in the test cell.

Oxygen was removed by purging the solution sufficiently (minimum one hour) with N2-gas
before immersing the specimen. The tests purged with CO2 were first purged with N2-gas
for one hour to remove the oxygen and then with CO2 gas for 30 min to stabilize the pH
in the electrolyte. All inlets were sealed to avoid oxygen ingress during the test. The
temperature of the solution was brought up to the desired level before the sample was
immersed, by using a hotplate. The oxygen content was measured prior to immersion, as
well as during the test by using Fibox 3 LCD-trace Oxygen Meter, to make sure it was
no oxygen in the electrolyte. Purging the solution with N2 gas or CO2 gas was continued
during each test to make sure there was no dissolved oxygen in the electrolyte throughout
the experiment.

Setup 2 is presented schematically in Figure 4.4, and an image of the experimental setup
is presented in Figure 4.5. Only setup 2 is presented, as this was the setup used in this
thesis.
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Figure 4.4: Schematic illustration of setup 2 used to record anodic CPP curves, made by the
author.

Figure 4.5: Image of setup 2 used to record anodic CPP curves.

The sample was immersed for one hour before initiating polarization. OCP was recorded
during this hour and the potential scan began at 100mV below the measured OCP. The
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potential was scanned in anodic direction, at a scan rate of 0.6 V/h. The current was
recorded continuously, and the change in current with potential was plotted. In the project
thesis and thereby during the tests conducted with setup 1, the scanning direction was
reversed when the current reached 0,1 mA. At some of the test conditions no or shallow
attacks were observed on the samples. In this thesis the scanning direction was reversed
when the current reached 5 mA and only the area of the sample covered by the crevice
former were considered as WE area, as stated earlier. The scan was reversed at a higher
current to make sure the corrosion attacks became more evident. The scan was continued
until the hysteresis loop was closed or the corrosion potential was reached. The anodic
polarization data were then plotted. These curves are referred to as the anodic CPP
curves and OCP, Ecorr, Ecrev, Erep and ipass were obtained from these curves.

4.2.4 Differences between the two setups

As mentioned, two setups were used during the experiments. In setup 1, the pH was
measured before and after the test. While in setup 2, a pH-electrode was placed in the
test cell, which enabled recording of the pH during the test from start to finish. It was
necessary to be able to control the pH-value during the test when the effect of change in
pH was investigated. This change in setup was therefor conducted. Setup 1 was used for
the tests with 316L purged with N2, while setup 2 was used for the other tests.

The counter electrode was also changed from platinum wire in setup 1, to a graphite rod
in setup 2. In setup 1, the reference electrode was connected through a salt-bridge, while
in setup 2, it was in a glass holder placed directly in electrolyte. The cell capacity was
increased, from 1L to 3L, and it was decided to not use a cooler in setup 2.

4.3 Open circuit potential measurements

By conducting OCP measurements at selected test conditions with specific oxygen
concentrations, the corrosion susceptibility of the materials under conditions where
oxygen is present, can be investigated. This is done by comparing the results from the
OCP measurements with Ecrev and Erep obtained from the CPP curves at the same test
condition. When OCP is measured against dissolved oxygen concentration, the oxygen
application limit is defined when the OCP equals obtained Ecrev or Erep.

4.3.1 Chemicals and test conditions

The polarization cell is similar to setup 2 used to record the anodic CPP curves, described
in Section 4.2. However, the counter electrode (CE) has been removed and replaced with
another working electrode (WE). Two samples could thereby be exposed simultaneously.
The samples were not mounted to the crevice assembly.

The working electrodes (WE) were 316L and DSS rectangular plates. One sample of
each material was tested at the same time. Electrolytes with 120 000 ppm and 600 ppm
chloride at 30 °C and 95 °C were chosen as test conditions. One test with 19 000 ppm
chloride at 45 °C was conducted as well. The tests were conducted with electrolytes were
the oxygen had been removed by purging the solution with N2. In addition, one test with
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120 000 ppm chloride purged with O2 was also conducted, the temperature was changed
from 95 °C to 60 °C and finally to 30 °C during the test. The test conditions are presented
in Table 4.5.

Table 4.5: Test conditions used to measure OCP.

Test number Cl−conc. [ppm] Temperature [°C] O2 content
1 600 30 0 ppb
2 600 95 0 ppb
3 19 000 45 0 ppb
4 120 000 30 0 ppb
5 120 000 95 0 ppb
6 120 000 30, 60, 95 saturated

4.3.2 Procedure and apertures

As for ASTM G61, the samples were mounted to the electrode holder and the NaCl
solution was prepared and transferred to the polarization cell. The solution were heated
to desired temperature by using a hotplate. Before immersion of the samples, the solution
was purged with N2 for approximately 1 hour, to remove the oxygen or purged with O2 by
using an aquarium pump, to saturate the solution with oxygen. The specimens were kept
above the solution level until the solution had reached desired temperature and had been
purged with gas for minimum 1 hour. A schematic illustration of the test cell is presented
in Figure 4.6, and an image of the experimental setup is presented in Figure 4.7.

Figure 4.6: Schematic illustration of the setup used to record OCP, made by the author.
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Figure 4.7: Image of the experimental setup used to record OCP.

The OCP measurement was started immediately after immersion of the samples, and
continued for 48 hours by using logging channels. The oxygen content was measured
prior to immersion, as well as during the test by using Fibox 3 LCD-trace Oxygen Meter.
Purging of the solution was continued during the test to make sure the oxygen content in
the electrolyte was kept as constant as possible.

4.4 Infinite Focus Microscope

After the anodic CPP measurements were conducted, the samples were examined with
an Infinite Focus Microscope (IFM), Alicona’s Infinite Focus [80]. To locate and compare
the corrosion attacks, IFM was used to examine the samples with a magnification down
to 20X. IFM was also used to measure the crevice depth and an example on how this was
accomplished is demonstrated in Figure 4.8.
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Figure 4.8: Example on how to measure crevice depth (stated as delta z) in IFM.

The percentage of the surface consisting of crevices were estimated by analyzing overview
images of the samples, taken with IFM. The images were obtained with 5X magnification
and analyzed in ImageJ [81].
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5 Results

The results from the experimental work are presented in the following five sections. The
first three sections are dedicated to the investigation of the effect of temperature, chloride
concentration and pH. First, the anodic CPP curves according to the test program in
Table 4.4 are presented, followed by the parameters obtained from the curves and IFM
images of selected samples to illustrate the effect of the different parameters. The results
regarding 316L and DSS are presented separately. The following section is dedicated to
the surface characterization of the samples exposed to anodic CPP. Finally, the results
from the OCP measurements at selected test conditions, with low oxygen content (< 10
ppb) and saturated with oxygen are presented.

The anodic CPP curves were recorded to investigate the effect of different environmental
parameters, including temperature, chloride content and pH on crevice corrosion of 316L
and DSS. The anodic CPP curves were obtained according to ASTM G61 [52]. The
experiments with 316L in electrolytes purged with N2 were carried out with setup 1
during the specialization project [1] preceding this thesis, and the values obtained from
the anodic CPP curves will be reported. All tests with 316L where the electrolyte was
purged with CO2 and all tests with DSS were carried out with setup 2 during this thesis.
A few of the test conditions conducted with setup 1 were repeated with setup 2. To
illustrate the effect of the different parameters, the same curves will be presented multiple
times, but together with different curves each time. For instance, curves obtained with
test condition 3 will be presented together with test condition 4 to illustrate the effect
of temperature, and together with test condition 11 to illustrate the effect of chloride
concentration.

5.1 Effect of temperature

To evaluate the effect of temperature, tests at 30 °C and 95 °C were conducted. The
temperature was changed, while the electrolyte was purged with the same gas and the
chloride concentration was kept constant. Anodic CPP curves were recorded during each
test. In this section, these curves in addition to OCP, Ecorr, Ecrev, Erep and ipass obtained
from the curves will be presented. Both 316L and DSS were tested, and the results for
each material are presented separately.

5.1.1 AISI 316L stainless steel

Values for OCP, Ecorr, Ecrev, Erep and ipass obtained from the anodic CPP curves from
tests conducted during the specialization project [1] preceding this thesis are presented in
Table 5.1 - Table 5.3. These results were obtained from the tests where the electrolytes
were purged with N2.
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Table 5.1: Parameters obtained from the CPP curves for 316L recorded in electrolytes with
600 ppm chloride and purged with N2 at different temperatures, all potentials are vs. Ag/AgCl
[1].

Test cond. Temp.[°C] OCP[V] Ecorr[V] Ecrev[V] Erep[V] ipass[µA/cm2]
1 30 -0.30 -0.32 0.39 0.007 0.30
1 30 -0.31 -0.36 0.47 -0.044 0.24
2 95 -0.58 -0.60 0.22 0.022 0.69
2 95 -0.59 -0.61 0.25 -0.033 0.63

Table 5.2: Parameters obtained from the CPP curves for 316L recorded in electrolytes with
5000 ppm chloride and purged with N2 at different temperatures, all potentials are vs. Ag/AgCl
[1].

Test cond. Temp.[°C] OCP[V] Ecorr[V] Ecrev[V] Erep[V] ipass[µA/cm2]
5 30 -0.40 -0.42 0.240 0.023 0.79
5 30 -0.33 -0.38 0.190 -0.073 0.26
6 95 -0.59 -0.60 0.048 -0.130 0.62
6 95 -0.63 -0.66 0.039 -0.240 9.26

Table 5.3: Parameters obtained from the CPP curves for 316L recorded in electrolytes with 120
000 ppm chloride and purged with N2 at different temperatures, all potentials are vs. Ag/AgCl
[1].

Test cond. Temp.[°C] OCP[V] Ecorr[V] Ecrev[V] Erep[V] ipass[µA/cm2]
9 30 -0.35 -0.41 0.069 -0.20 0.14
9 30 -0.28 -0.32 0.067 -0.20 0.19
10 95 -0.56 -0.57 -0.140 -0.29 0.88
10 95 -0.51 -0.55 -0.140 -0.19 0.57

All the tests with 316L where the electrolytes were purged with CO2, were conducted
during this thesis. Anodic CPP curves are presented in Figure 5.1 and Figure 5.2.
These tests were conducted with 600 ppm and 120 000 ppm chloride at 30 °C and 95
°C. Corresponding OCP, Ecorr, Ecrev, Erep and ipass values obtained from the these curves
are presented in Table 5.4 and Table 5.5.
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Figure 5.1: Anodic CPP curves for 316L obtained in electrolytes with 600 ppm chloride and
purged with CO2 at different temperatures.

Figure 5.2: Anodic CPP curves for 316L obtained in electrolytes with 120 000 ppm chloride
and purged with CO2 at different temperatures.
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Table 5.4: Parameters obtained from the CPP curves for 316L recorded in electrolytes with 600
ppm chloride and purged with CO2 at different temperatures, all potentials are vs. Ag/AgCl.

Test cond. Temp.[°C] OCP[V] Ecorr[V] Ecrev[V] Erep[V] ipass[µA/cm2]
3 30 -0.31 -0.37 0.50 0.13 5.20
3 30 -0.31 -0.37 0.52 0.11 6.12
4 95 -0.40 -0.47 0.21 -0.13 4.21
4 95 -0.48 -0.52 0.21 -0.08 6.25

Table 5.5: Parameters obtained from the CPP curves for 316L recorded in electrolytes with 120
000 ppm chloride and purged with CO2 at different temperatures, all potentials are vs. Ag/AgCl.

Test cond. Temp.[°C] OCP[V] Ecorr[V] Ecrev[V] Erep[V] ipass[µA/cm2]
11 30 -0.42 -0.48 -0.035 -0.04 1.71
11 30 -0.44 -0.49 -0.001 -0.23 5.70
12 95 -0.52 -0.56 -0.260 -0.35 7.09
12 95 -0.48 -0.53 -0.220 -0.33 4.61

Images of 316L sample surfaces subjected to anodic CPP at 30 °C and 95 °C are presented
in Figure 5.3. The images were obtained with IFM with 5X magnification. Only image of
the side of the sample with the most severe corrosion attacks is presented. As observed
in Figure 5.3, the sample tested at 30 °C has experienced much more severe corrosion
attacks than the sample tested at 95 °C. This will be further discussed in Section 6.1.

(a) Sample tested at 30 °C. (b) Sample tested at 95 °C.

Figure 5.3: Images of 316L samples after anodic CPP conducted at different temperatures
in electrolytes with 120 000 ppm chloride and purged with CO2, obtained with IFM with 5X
magnification.
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5.1.2 22% Cr duplex stainless steel

Anodic CPP curves recorded during tests with DSS at different temperatures are presented
in Figure 5.4 - Figure 5.7. The electrolytes were purged with N2 or CO2 and the chloride
concentration was 600 ppm or 120 000 ppm chloride. The parameters obtained from the
curves are presented in Table 5.6 - Table 5.9.

Figure 5.4: Anodic CPP curves for DSS obtained in electrolytes with 600 ppm chloride and
purged with N2 at different temperatures.

Figure 5.5: Anodic CPP curves for DSS obtained in electrolytes with 600 ppm chloride and
purged with CO2 at different temperatures.
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Figure 5.6: Anodic CPP curves for DSS obtained in electrolytes with 120 000 ppm chloride
and purged with N2 at different temperatures.

Figure 5.7: Anodic CPP curves for DSS obtained in electrolytes with 120 000 ppm chloride
and purged with CO2 at different temperatures.
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Table 5.6: Parameters obtained from the CPP curves for DSS recorded in electrolytes with 600
ppm chloride and purged with N2 at different temperatures, all potentials are vs. Ag/AgCl.

Test cond. Temp. [°C] OCP[V] Ecorr[V] Ecrev[V] Erep[V] ipass[µA/cm2]
1 30 -0.087 -0.12 1.17 1.08 5.20
1 30 -0.16 -0.20 1.17 1.09 5.31
2 95 -0.65 -0.69 0.25 0.12 7.04
2 95 -0.57 -0.63 0.26 0.11 6.67

Table 5.7: Parameters obtained from the CPP curves for DSS recorded in electrolytes with 600
ppm chloride and purged with CO2 at different temperatures, all potentials are vs. Ag/AgCl.

Test cond. Temp. [°C] OCP[V] Ecorr[V] Ecrev[V] Erep[V] ipass[µA/cm2]
3 30 -0.27 -0.33 1.20 1.10 5.65
3 30 -0.20 -0.23 1.20 1.08 5.61
4 95 -0.47 -0.52 0.31 0.11 5.90
4 95 -0.46 -0.52 0.31 0.11 6.04

Table 5.8: Parameters obtained from the CPP curves for DSS recorded in electrolytes with 120
000 ppm chloride and purged with N2 at different temperatures, all potentials are vs. Ag/AgCl.

Test cond. Temp. [°C] OCP[V] Ecorr[V] Ecrev[V] Erep[V] ipass[µA/cm2]
9 30 -0.27 -0.29 0.84 0.83 8.42
9 30 -0.31 -0.34 0.84 0.82 8.39
10 95 -0.36 -0.40 -0.16 -0.36 3.42
10 95 -0.37 -0.37 -0.12 -0.27 3.66

Table 5.9: Parameters obtained from the CPP curves for DSS recorded in electrolytes with 120
000 ppm chloride and purged with CO2 at different temperatures, all potentials are vs. Ag/AgCl.

Test cond. Temp. [°C] OCP[V] Ecorr[V] Ecrev[V] Erep[V] ipass[µA/cm2]
11 30 -0.39 -0.44 0.90 0.89 5.19
11 30 -0.41 -0.47 0.91 0.90 5.30
12 95 -0.44 -0.50 -0.11 -0.24 4.04
12 95 -0.44 -0.51 -0.11 -0.27 2.64

Images of the DSS sample surfaces subjected to anodic CPP at 30 °C and 95 °C are
presented in Figure 5.8. The images were obtained with IFM with 5X magnification.
Only image of the side of the sample with the most severe surface change is presented.
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(a) Sample tested at 30 °C. (b) Sample tested at 95 °C.

Figure 5.8: Images of DSS samples after anodic CPP conducted at different temperatures
in electrolytes with 120 000 ppm chloride and purged with N2, obtained with IFM with 5X
magnification.

5.2 Effect of chloride concentration

To evaluate the effect of chloride concentration, tests with electrolytes purged with the
same gas type and at constant temperature, but different chloride concentrations were
conducted. The chloride concentrations were 600 ppm, 5000 ppm and 120 000 ppm
chloride. Anodic CPP curves measured during each test, as well as OCP, Ecorr, Ecrev,
Erep and ipass obtained from each curve will be presented in this section. Both 316L and
DSS were tested, and the results for each material will be presented individually.

5.2.1 AISI 316L stainless steel

All tests conducted with 316L with electrolytes purged with N2, were conducted in the
specialization project [1] preceding this thesis. Values for OCP, Ecorr, Ecrev, Erep and
ipass obtained from the anodic CPP curves from tests conducted during the specialization
project are presented in Table 5.10 and Table 5.11. These results are obtained from the
tests conducted with setup 1, with exception of one test conducted at 95 °C and 5000
ppm chloride (test condition 6), presented in Table 5.11. At this test condition it was
decided to use the results from one test with setup 1 and one with setup 2, as the results
from these tests correlated better than the results from both tests conducted with setup 1
did. As mentioned in Section 4.2, the scanning direction was reversed at a higher current
and only the area of the sample covered by the crevice former were considered when
calculating the current density for the tests conducted with setup 2. Obtained ipass for
the test conducted with setup 2, presented in Table 5.11 will be higher than the other
ipass values because a smaller WE area was considered.
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Table 5.10: Parameters obtained from the CPP curves for 316L recorded in electrolytes purged
with N2 at 30 °C with different chloride concentrations, all potentials are vs. Ag/AgCl [1].

Test cond. Cl−[ppm] OCP[V] Ecorr[V] Ecrev[V] Erep[V] ipass[µA/cm2]
1 600 -0.30 -0.32 0.390 0.007 0.30
1 600 -0.31 -0.36 0.470 -0.044 0.24
5 5000 -0.40 -0.42 0.240 0.023 0.79
5 5000 -0.33 -0.38 0.190 -0.073 0.26
9 120 000 -0.35 -0.41 0.069 -0.200 0.14
9 120 000 -0.28 -0.32 0.067 -0.200 0.19

Table 5.11: Parameters obtained from the CPP curves for 316L recorded in electrolytes purged
with N2 at 95 °C with different chloride concentrations, all potentials are vs. Ag/AgCl [1].

Test cond. Cl−[ppm] OCP[V] Ecorr[V] Ecrev[V] Erep[V] ipass[µA/cm2]
2 600 -0.58 -0.60 0.220 0.022 0.69
2 600 -0.59 -0.61 0.250 -0.033 0.63
6 5000 -0.59 -0.60 0.048 -0.130 0.62
6 5000 -0.63 -0.66 0.039 -0.240 9.26
10 120 000 -0.56 -0.57 -0.140 -0.290 0.88
10 120 000 -0.51 -0.55 -0.140 -0.190 0.57

The curves obtained for 316L when the electrolytes were purged with CO2 were conducted
during the work with this thesis, and are presented in Figure 5.9 and Figure 5.10. The
corresponding values for OCP, Ecorr, Ecrev, Erep and ipass obtained from the curves are
presented in Table 5.12 and Table 5.13.
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Figure 5.9: Anodic CPP curves for 316L obtained in electrolytes purged with CO2 at 30 °C
with different chloride concentrations.

Figure 5.10: Anodic CPP curves for 316L obtained in electrolytes purged with CO2 at 95 °C
with different chloride concentrations.
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Table 5.12: Parameters obtained from the CPP curves for 316L recorded in electrolytes purged
with CO2 at 30 °C with different chloride concentrations, all potentials are vs. Ag/AgCl.

Test cond. Cl−[ppm] OCP[V] Ecorr[V] Ecrev[V] Erep[V] ipass[µA/cm2]
3 600 -0.31 -0.37 0.500 0.13 5.20
3 600 -0.31 -0.37 0.520 0.11 6.12
11 120 000 -0.42 -0.48 -0.035 -0.04 1.77
11 120 000 -0.44 -0.49 -0.001 -0.23 5.70

Table 5.13: Parameters obtained from the CPP curves for 316L recorded in solution purged
with CO2 at 95 °C with different chloride concentrations, all potentials are vs. Ag/AgCl.

Test cond. Cl−[ppm] OCP[V] Ecorr[V] Ecrev[V] Erep[V] ipass[µA/cm2]
4 600 -0.40 -0.47 0.210 -0.130 4.21
4 600 -0.48 -0.52 0.210 -0.083 6.25
8 5000 -0.49 -0.54 0.082 -0.079 5.17
8 5000 -0.50 -0.53 0.085 -0.096 6.35
12 120 000 -0.52 -0.56 -0.260 -0.350 7.09
12 120 000 -0.48 -0.53 -0.220 -0.330 4.61

The curves recorded in electrolytes with 120 000 ppm chloride, presented in Figure 5.9,
experienced different course of passivisation and Erep, obtained from the curves deviates
within the parallel. The difference in the results is difficult to explain, but may be due to
different chemistry inside the crevices on the two samples.

Images of 316L samples tested in electrolytes with different chloride concentrations are
presented in Figure 5.11. The images were obtained with IFM with 5X magnification.
The side of the sample with the most severe corrosion attacks is presented.
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(a) Sample tested in electrolyte with 600
ppm chloride.

(b) Sample tested in electrolyte with
5000 ppm chloride.

(c) Sample tested in electrolyte with 120
000 ppm chloride.

Figure 5.11: Images of 316L samples after anodic CPP conducted with different chloride
concentrations in electrolytes purged with CO2 at 95 °C, obtained with IFM with 5X
magnification.

5.2.2 22% Cr duplex stainless steel

The curves obtained for DSS at constant temperature and purged with the same gas, but
with different chloride concentrations are presented in Figure 5.12 - Figure 5.15. At 30 °C,
only 600 ppm and 120 000 ppm chloride were tested, while at 95 °C, 5000 ppm chloride
was tested in addition to 600 ppm and 120 000 ppm chloride. The values obtained from
the curves are presented in Table 5.14 - Table 5.17. All the tests were conducted with
setup 2.
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Figure 5.12: Anodic CPP curves for DSS obtained in electrolytes purged with N2 at 30 °C with
different chloride concentrations.

Figure 5.13: Anodic CPP curves for DSS obtained in electrolytes purged with CO2 at 30 °C
with different chloride concentrations.
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Figure 5.14: Anodic CPP curves for DSS obtained in electrolytes purged with N2 at 95 °C with
different chloride concentrations.

Figure 5.15: Anodic CPP curves for DSS obtained in electrolytes purged with CO2 at 95 °C
with different chloride concentrations.

Table 5.14: Parameters obtained from the CPP curves for DSS recorded in electrolytes purged
with N2 at 30 °C with different chloride concentrations, all potentials are vs. Ag/AgCl.

Test cond. Cl−[ppm] OCP[V] Ecorr[V] Ecrev[V] Erep[V] ipass[µA/cm2]
1 600 -0.087 -0.12 1.17 1.08 5.20
1 600 -0.16 -0.20 1.17 1.09 5.31
9 120 000 -0.27 -0.29 0.84 0.83 8.42
9 120 000 -0.31 -0.34 0.84 0.82 8.39
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Table 5.15: Parameters obtained from the CPP curves for DSS recorded in electrolytes purged
with CO2 at 30 °C with different chloride concentrations, all potentials are vs. Ag/AgCl.

Test cond. Cl−[ppm] OCP[V] Ecorr[V] Ecrev[V] Erep[V] ipass[µA/cm2]
3 600 -0.27 -0.33 1.20 1.10 5.65
3 600 -0.20 -0.23 1.20 1.08 5.61
11 120 000 -0.39 -0.44 0.90 0.89 5.19
11 120 000 -0.41 -0.47 0.91 0.90 5.30

Table 5.16: Parameters obtained from the CPP curves for DSS recorded in electrolytes purged
with N2 at 95 °C with different chloride concentrations, all potentials are vs. Ag/AgCl.

Test cond. Cl−[ppm] OCP[V] Ecorr[V] Ecrev[V] Erep[V] ipass[µA/cm2]
2 600 -0.65 -0.69 0.25 0.12 7.04
2 600 -0.57 -0.63 0.26 0.11 6.67
6 5000 -0.61 -0.65 0.18 -0.10 6.79
6 5000 -0.67 -0.72 0.13 -0.08 6.33
10 120 000 -0.36 -0.40 -0.16 -0.36 3.42
10 120 000 -0.37 -0.37 -0.12 -0.27 3.66

Table 5.17: Parameters obtained from the CPP curves for DSS recorded in electrolytes purged
with CO2 at 95 °C with different chloride concentrations, all potentials are vs. Ag/AgCl.

Test cond. Cl−[ppm] OCP[V] Ecorr[V] Ecrev[V] Erep[V] ipass[µA/cm2]
4 600 -0.47 -0.52 0.31 0.11 5.90
4 600 -0.46 -0.52 0.31 0.11 6.04
8 5000 -0.49 -0.55 0.12 -0.02 6.50
8 5000 -0.47 -0.53 0.13 -0.01 6.60
12 120 000 -0.44 -0.50 -0.11 -0.24 4.04
12 120 000 -0.44 -0.51 -0.11 -0.27 2.64

Images of DSS samples tested in electrolytes with different chloride concentrations are
presented in Figure 5.16. The images were obtained with IFM with 5X magnification.
The side of the sample with the most severe corrosion attacks is presented.
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(a) Sample tested in electrolyte with 600
ppm chloride.

(b) Sample tested in electrolyte with
5000 ppm chloride.

(c) Sample tested in electrolyte with 120
000 ppm chloride.

Figure 5.16: Images of DSS samples after anodic CPP conducted with different chloride
concentrations in electrolytes purged with CO2 at 95 °C, obtained with IFM with 5X
magnification.

5.3 Effect of pH

To evaluate the effect of pH, tests with electrolytes with different pH values were
conducted. The pH was changed by purging the electrolyte with either CO2 or N2, as
CO2 creates a more acidic environment. Measured pH values for the tests purged with
CO2 were between 4.3 and 5.3. While the tests purged with N2 had pH values between
6.6 and 8.5. pH was measured continuously during the tests and had the tendency to
increase during the experiment. The pH values are therefore stated as an interval. The
chloride concentrations tested were 600 ppm and 120 000 ppm chloride for the tests
conducted at 30 °C, and 600 ppm, 5000 ppm and 120 000 ppm chloride for the tests at
95 °C.

The anodic CPP curves measured during the tests and corresponding Ecorr, Ecrev, Erep

and ipass values obtained from the curves are presented in the following two subsections.
The red and green CPP curves represent the tests purged with N2, while the yellow and
blue CPP curves represent the tests purged with CO2.
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5.3.1 AISI 316L stainless steel

Curves recorded during anodic CPP of 316L samples in electrolytes with different pH are
presented in Figure 5.17 - Figure 5.21. As mentioned earlier, all the tests with 316L purged
with N2 were conducted during the specialization project [1]. This with the exception of
one of the tests with 120 000 ppm at 95 °(test condition 6), which was conducted during
this thesis. To illustrate the effect of pH, the anodic CPP curves obtained during the
specialization project and during this thesis will be presented together in this section. All
the tests purged with CO2 were conducted during this thesis. OCP, Ecorr, Ecrev, Erep and
ipass values obtained from the curves are presented in Table 5.18 - Table 5.22.

Figure 5.17: Anodic CPP curves for 316L obtained in electrolytes with 600 ppm chloride at 30
°C purged with N2 and CO2.
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Figure 5.18: Anodic CPP curves for 316L obtained in electrolytes with 120 000 ppm chloride
at 30 °C purged with N2 and CO2.

Figure 5.19: Anodic CPP curves for 316L obtained in solution at 95 °C with 600 ppm chloride
purged with N2 and CO2.
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Figure 5.20: Anodic CPP curves for 316L obtained in solution at 95 °C with 5000 ppm chloride
purged with N2 and CO2.

Figure 5.21: Anodic CPP curves for 316L obtained in electrolytes with 120 000 ppm chloride
at 95 °C purged with N2 and CO2.

Table 5.18: Parameters obtained from the CPP curves for 316L recorded in electrolytes with
600 ppm chloride at 30 °C with different pH, all potentials are vs. Ag/AgCl.

pH Gas type OCP[V] Ecorr[V] Ecrev[V] Erep[V] ipass[µA/cm2]
5.8-7.7 N2 -0.30 -0.32 0.39 0.007 0.30
6.7-7.0 N2 -0.31 -0.36 0.47 -0.044 0.24
4.3-4.8 CO2 -0.31 -0.37 0.50 0.130 5.20
4.2-5.0 CO2 -0.31 -0.37 0.52 0.110 6.12
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Table 5.19: Parameters obtained from the CPP curves for 316L recorded in electrolytes with
120 000 ppm chloride at 30 °C with different pH, all potentials are vs. Ag/AgCl.

pH Gas type OCP[V] Ecorr[V] Ecrev[V] Erep[V] ipass[µA/cm2]
5.3-5.9 N2 -0.35 -0.41 0.069 -0.20 0.14
5.5-6.3 N2 -0.28 -0.32 0.067 -0.20 0.19
4.8-4.9 CO2 -0.42 -0.48 -0.035 -0.04 1.71
4.8-4.9 CO2 -0.44 -0.49 -0.001 -0.23 5.70

Table 5.20: Parameters obtained from the CPP curves for 316L recorded in electrolytes with
600 ppm chloride at 95 °C with different pH, all potentials are vs. Ag/AgCl.

pH Gas type OCP[V] Ecorr[V] Ecrev[V] Erep[V] ipass[µA/cm2]
5.6-6.7 N2 -0.58 -0.60 0.22 0.022 0.69
5.9-6.7 N2 -0.59 -0.61 0.25 -0.033 0.63
4.3-5.1 CO2 -0.40 -0.47 0.21 -0.130 4.21
4.3-5.0 CO2 -0.48 -0.52 0.21 -0.083 6.25

Table 5.21: Parameters obtained from the CPP curves for 316L recorded in electrolytes with
5000 ppm chloride at 95 °C with different pH, all potentials are vs. Ag/AgCl.

pH Gas type OCP[V] Ecorr[V] Ecrev[V] Erep[V] ipass[µA/cm2]
5.7-7.0 N2 -0.59 -0.60 0.048 -0.130 0.62
7.2-8.0 N2 -0.63 -0.66 0.039 -0.240 9.26
4.3-4.8 CO2 -0.49 -0.54 0.082 -0.079 5.17
4,3-4,7 CO2 -0.50 -0.53 0.085 -0.096 6.35
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Table 5.22: Parameters obtained from the CPP curves for 316L recorded in electrolytes with
120 000 ppm chloride at 95 °C with different pH, all potentials are vs. Ag/AgCl.

pH Gas type OCP[V] Ecorr[V] Ecrev[V] Erep[V] ipass[µA/cm2]
5.2-6.1 N2 -0.56 -0.57 -0.14 -0.29 0.88
5.2-6.0 N2 -0.51 -0.55 -0.14 -0.19 0.57
4.9-5.0 CO2 -0.52 -0.56 -0.26 -0.35 7.09
4.8-5.0 CO2 -0.48 -0.53 -0.22 -0.33 4.61

Images of 316L samples tested in electrolytes with different pH are presented in Figure
5.22. The images were obtained with IFM with 5X magnification, and the image of the
side of the sample with most severe corrosion attacks is presented.

(a) Sample tested in electrolyte purged with
N2, with pH 6.7-7.0.

(b) Sample tested in electrolyte purged with
CO2, with pH 4.2-5.0.

Figure 5.22: Images of 316L samples after anodic CPP conducted in electrolytes with 600 ppm
chloride at 30 °C and with different pH values, obtained with IFM with 5X magnification.

5.3.2 22% Cr duplex stainless steel

The curves obtained for DSS at different pH values are presented in Figure 5.23 - Figure
5.27. OCP, Ecorr, Ecrev, Erep and ipass values obtained from the curves are presented in
Table 5.23 - Table 5.27.
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Figure 5.23: Anodic CPP curves for DSS obtained in electrolytes with 600 ppm chloride at 30
°C purged with N2 and CO2.

Figure 5.24: Anodic CPP curves for DSS obtained in electrolytes with 120 000 ppm chloride
at 30 °C purged with N2 and CO2.
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Figure 5.25: Anodic CPP curves for DSS obtained in electrolytes with 600 ppm chloride at 95
°C purged with N2 and CO2.

Figure 5.26: Anodic CPP curves for DSS obtained in electrolytes with 5000 ppm chloride at
95 °C with purged with N2 and CO2.
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Figure 5.27: Anodic CPP curves for DSS obtained in electrolytes with 120 000 ppm chloride
at 95 °C purged with N2 and CO2.

Table 5.23: Parameters obtained from the CPP curves for DSS recorded in electrolytes with
600 ppm chloride at 30 °C with different pH, all potentials are vs. Ag/AgCl.

pH Gas type OCP[V] Ecorr[V] Ecrev[V] Erep[V] ipass[µA/cm2]
6.8-7.5 N2 -0.087 -0.12 1.17 1.08 5.20
6.5-7.4 N2 -0.16 -0.20 1.17 1.09 5.31
4.1-4.2 CO2 -0.27 -0.33 1.20 1.10 5.65
4.2-4.5 CO2 -0.20 -0.23 1.20 1.08 5.61

Table 5.24: Parameters obtained from the CPP curves for DSS recorded in electrolytes with
120 000 ppm chloride at 30 °C with different pH, all potentials are vs. Ag/AgCl.

pH Gas type OCP[V] Ecorr[V] Ecrev[V] Erep[V] ipass[µA/cm2]
7.2-8.5 N2 -0.27 -0.29 0.84 0.83 8.42
7.2-8.5 N2 -0.31 -0.34 0.84 0.82 8.39
4.8 CO2 -0.39 -0.44 0.90 0.89 5.19
4.8 CO2 -0.41 -0.47 0.91 0.90 5.30
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Table 5.25: Parameters obtained from the CPP curves for DSS recorded in electrolytes with
600 ppm chloride at 95 °C and different pH-values, all potentials are vs. Ag/AgCl.

pH Gas type OCP[V] Ecorr[V] Ecrev[V] Erep[V] ipass[µA/cm2]
7.1-8.5 N2 -0.65 -0.69 0.25 0.12 7.04
7.1-8.3 N2 -0.57 -0.63 0.26 0.11 6.67
4.3-5.5 CO2 -0.47 -0.52 0.31 0.11 5.90
4.3-5.3 CO2 -0.46 -0.52 0.31 0.11 6.04

Table 5.26: Parameters obtained from the CPP curves for DSS recorded in electrolytes with
5000 ppm chloride at 95 °C and different pH-values, all potentials are vs. Ag/AgCl.

pH Gas type OCP[V] Ecorr[V] Ecrev[V] Erep[V] ipass[µA/cm2]
7.2-8.2 N2 -0.61 -0.65 0.18 -0.100 6.79
7.4-8.0 N2 -0.67 -0.72 0.13 -0.077 6.33
4.3-4.8 CO2 -0.49 -0.55 0.12 -0.018 6.50
4.3-4.8 CO2 -0.47 -0.53 0.13 -0.010 6.60

Table 5.27: Parameters obtained from the CPP curves for DSS recorded in electrolytes with
120 000 ppm chloride at 95 °C and different pH-values, all potentials are vs. Ag/AgCl.

pH Gas type OCP[V] Ecorr[V] Ecrev[V] Erep[V] ipass[µA/cm2]
7.6-7.7 N2 -0.36 -0.40 -0.16 -0.36 3.42
7.5-7.6 N2 -0.37 -0.37 -0.12 -0.27 3.66
4.9-5.0 CO2 -0.44 -0.50 -0.11 -0.24 4.04
4.9-5.0 CO2 -0.44 -0.51 -0.11 -0.27 2.64

Images of DSS samples tested in electrolytes with different pH are presented in Figure
5.28. The images were obtained with IFM with 5X magnification, and the image of the
side of the sample with most severe corrosion attacks are presented.
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(a) Sample tested in electrolyte purged with
N2, with pH 6.8-7.5.

(b) Sample tested in electrolyte purged with
CO2, with pH 4.1-4.2.

Figure 5.28: Images of DSS samples after anodic CPP conducted in electrolytes with 600 ppm
chloride at 30 °C and with different pH values, obtained with IFM with 5X magnification.

5.4 Surface characterization

After anodic CPP, the sample surfaces were investigated and weight loss of each sample
was calculated. The results will be presented in this section, and the results for 316L
and DSS will be presented separately. Surface characterization of the samples includes
overview images, used to investigate the extent and to compare the crevice corrosion
attacks at each test condition according to the test program in Table 4.4. IFM was used
to obtain overview images of the samples, and a selection of these was presented in Section
5.1 - Section 5.3. One 316L and one DSS sample from each parallel were chosen, since
the samples within each parallel showed similar surface changes, with exception of the
316L samples tested at test condition 11. As mentioned in Section 5.2.1, these samples
experienced different courses of repassivation. This resulted in different surface changes,
that will be discussed further in Section 6.1.1. The average crevice percentage for the two
samples was therefore used for this test condition. The crevice percentage was obtained
by analyzing the IFM overview images in ImageJ [81]. It must be emphasized that it
is not the percentage of crevices on the entire surface that has been obtained, but the
percentage within a selected area. The selected area included all observed crevices and
was the same size for each sample analyzed, to enable comparison of the obtained results.
No tests were conducted at test condition 5 for DSS or at test condition 7 for either of the
materials. For selected samples, more detailed images of crevices were taken to investigate
the severity and depth of the attacks. For this purpose, a selection of samples tested at
different conditions were chosen.

5.4.1 AISI 316L stainless steel

Overview images of both sides of one 316L sample from each parallel were obtained with
IFM, with 5X magnification. The images were analyzed in ImageJ, and the percentage
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of crevices on the surface within a selected area was obtained. The results for all the test
conditions are presented in Table 5.28.

Table 5.28: Percentage crevices on the 316L sample surfaces, at each test condition.

Test condition Crevice [%]
1 0.75
2 0.06
3 1.00
4 0.07
5 0.08
6 0.42
8 0.06
9 1.36
10 0.05
11 0.49
12 0.18

When analyzing the samples in ImageJ, the darker areas on the sample surface were
changed to blue and the brighter areas to green. This is illustrated in Figure 5.29, which
shows both sides of a 316L sample tested at test condition 3 after being analyzed in
ImageJ. The crevice percentage in the selected area was obtained by subtracting the
percentage corresponding to the area of the crevice assembly hole from the percentage of
the surface that was blue.

Figure 5.29: Images of the surface of a 316L sample (both sides) tested in electrolyte with 600
ppm chloride and pH 4.2-5.0 at 30 °C, obtained with IFM and analyzed in ImageJ.

61



More detailed images of selected 316L samples were obtained with 20X magnification and
500 nm resolution with IFM, and are presented in Figure 5.30 - Figure 5.32. The black
spots are areas the light source from the optical microscope were not able to reach.

(a) IFM image showing one of the observed
crevices.

(b) IFM image of the crevice with a scale bar
presenting the depth distribution [µm].

Figure 5.30: Crevice observed on a 316L sample after anodic CPP in 600 ppm chloride and
pH 5.8-7.7 at 30 °C, imaged by IFM.

(a) IFM image showing one of the observed
crevices.

(b) IFM image of the crevice with a scale bar
presenting the depth distribution [mm].

Figure 5.31: Crevice observed on a 316L sample after anodic CPP in 600 ppm chloride and
pH 4.2-5.0 at 30 °C, imaged by IFM.
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(a) IFM image showing one of the observed
crevices.

(b) IFM image of the crevice with a scale bar
presenting the depth distribution [µm].

Figure 5.32: Crevice observed on a 316L sample after anodic CPP in 600 ppm chloride and
pH 4.3-5.0 at 95 °C, imaged by IFM.

(a) IFM image showing one of the observed
crevices.

(b) IFM image of the crevice with a scale bar
presenting the depth distribution [µm].

Figure 5.33: Crevice observed on a 316L sample after anodic CPP in 5000 ppm chloride and
pH 5.6 at 30 °C, imaged by IFM.
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(a) IFM image showing one of the observed
crevices.

(b) IFM image of the crevice with a scale bar
presenting the depth distribution [µm].

Figure 5.34: Crevice observed on a 316L sample after anodic CPP in 120 000 ppm chloride
and pH 5.3-5.9 at 30 °C, imaged by IFM.

The crevice imaged in Figure 5.30 had a depth of 57.92 µm, the crevice in Figure 5.31
was 52.08 µm deep, the crevice in Figure 5.32 was 39.77 µm deep, the crevice in Figure
5.33 was 123.96 µm deep and the crevice in Figure 5.34 was 41.37 µm deep,

All samples were weighed before and after the anodic CPP. Average weight loss for the
two 316L samples tested at each conditions, is presented in Table 5.29.

Table 5.29: Average weight loss for 316L samples after the anodic CPP measurements at the
different tests conditions.

Test condition Weight loss [g]
1 0.0026
2 0.0009
3 0.0202
4 0.0068
5 0.0021
6 0.0027
8 0.0061
9 0.0159
10 0.0003
11 0.0081
12 0.0040

5.4.2 22% Cr duplex stainless steel

Obtained crevice percentage on the DSS samples, after analyzing the overview images in
ImageJ is presented in Table 5.30. Figure 5.35 presents both sides of a DSS sample tested
at test condition 3 before and after ImageJ analysis.
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Table 5.30: Percentage crevices on the DSS sample surfaces, at each test condition.

Test condition Crevice [%]
1 2.12
2 0.57
3 1.55
4 1.47
6 0.96
8 0.64
9 0.04
10 0.10
11 0.17
12 0.40

Figure 5.35: Images of the surface of a DSS sample (both sides) tested in electrolyte with 600
ppm chloride and pH 4.1-4.2 at 30 °C, obtained with IFM and analyzed in ImageJ.

To illustrate the procedure used to obtain the crevice percentage, additional images of
samples of both materials tested at test condition 6 and 12 are included in Appendix A.3.
The results in Table 5.28 and Table 5.30 were considered to provide sufficient information
regarding the severity of the crevice attacks, and the other overview images analyzed in
ImageJ were not included in the thesis.

As for the 316L samples, more detailed images of selected DSS samples were obtained
with IFM, with 20X magnification and 500 nm resolution. The images are presented in
Figure 5.36 - Figure 5.39.
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(a) IFM image showing one of the observed
crevices.

(b) IFM image of the crevice with a scale bar
presenting the depth distribution [mm].

Figure 5.36: Crevice observed on a DSS sample after anodic CPP in 600 ppm chloride and pH
6.8-7.5 at 30 °C, imaged by IFM.

(a) IFM image showing one of the observed
crevices.

(b) IFM image of the crevice with a scale bar
presenting the depth distribution [mm].

Figure 5.37: Crevice observed on a DSS sample after anodic CPP in 600 ppm chloride and pH
4.1-4.2 at 30 °C, imaged by IFM.
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(a) IFM image showing one of the observed
crevices.

(b) IFM image of the crevice with a scale bar
presenting the depth distribution [µm].

Figure 5.38: Crevice observed on a DSS sample after anodic CPP in 600 ppm chloride and pH
7.1-8.5 at 95 °C, imaged by IFM.

(a) IFM image showing one of the observed
crevices.

(b) IFM image of the crevice with a scale bar
presenting the depth distribution [µm].

Figure 5.39: Crevice observed on a DSS sample after anodic CPP in 120 000 ppm chloride and
pH 7.2-8.5 at 30 °C, imaged by IFM.

The crevice imaged in Figure 5.36 had a depth of 21.66 µm, the crevice in Figure 5.37 was
14.77 µm deep, the crevice in Figure 5.38 was 50.02 µm deep and the crevice in Figure
5.39 was 18.76 µm deep.

Average weight loss for the two DSS samples tested at each conditions, is presented in
Table 5.31.
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Table 5.31: Average weight loss for DSS samples after the anodic CPP measurements at the
different tests conditions.

Test condition Weight loss [g]
1 0.0021
2 0.0173
3 0.0018
4 0.0124
6 0.0074
8 0.0061
9 0.0011
10 0.0013
11 0.0013
12 0.0053

5.5 OCP measurements

OCP measurements were conducted to investigate the corrosion susceptibility of the
materials in the presence of oxygen, and to compare the OCP with obtained Ecrev and
Erep from the anodic CPP curves at equivalent temperature, chloride concentration and
similar pH for both test materials. The OCP measurements were conducted with both
test materials simultaneously, exposed to the conditions presented in Table 4.5 for 48
hours, with the exception of the test saturated with oxygen. During this test the samples
were exposed for 144 hours, as the temperature was changed without starting a new test
with new samples. The pH during this test changed from 7.3-7.6 at 95 °C, to 7.8-7.9 at 60
°C and finally to 8.0-8.1 at 30 °C. The OCP measurements are presented in Figure 5.40 -
Figure 5.45.

The increase in potential, started approximately after 34 hours of exposure, observed in
Figure 5.43, is believed to be caused by oxygen ingress. As a result of NaCl crystallizing
inside the gas inlet tube, N2 gas were unable to get through the tube and into the
electrolyte.
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Figure 5.40: OCP development as a function of time for samples in an electrolyte without
oxygen, with 600 ppm chloride and pH 7.0-7.4 at 30 °C.

Figure 5.41: OCP development as a function of time for samples in an electrolyte without
oxygen, with 600 ppm chloride and pH 7.2-8.0 at 95 °C.
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Figure 5.42: OCP development as a function of time for samples in an electrolyte without
oxygen, with 19 000 ppm chloride and pH 7.1-7.8 at 45 °C.

Figure 5.43: OCP development as a function of time for samples in an electrolyte without
oxygen, with 120 000 ppm chloride and pH 8.6-8.7 at 30 °C.
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Figure 5.44: OCP development as a function of time for samples in an electrolyte without
oxygen, with 120 000 ppm chloride and pH 6.5-7.0 at 95 °C.

Figure 5.45: OCP development as a function of time for samples in an electrolyte saturated
with oxygen, with 120 000 ppm chloride and pH 7.3-8.1 at 30 °C, 60 °C and 95 °C.

No corrosion attacks were observed on either of the samples and no weight loss was
measured after the OCP measurements.
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6 Discussion

The results obtained from the experimental work will be further discussed in the
following sections. The effect of temperature, chloride concentrations and pH on the
corrosion properties of the two materials will be discussed separately. DOE will be used
to analyse the effect of the different parameters. Additionally, the extent of the crevice
corrosion attack based on the surface characterisation for each sample will be discussed
and a comparison of the materials will be conducted. Finally, the results from the OCP
measurement will be discussed. As only tests without oxygen and saturated with oxygen
were conducted, unpublished results established by Equinor, presented in Section 3.3,
will be discussed to assess the effect of oxygen.

6.1 Effect of temperature

6.1.1 AISI 316L stainless steel

Potentials obtained from the anodic CPP curves are presented in Table 5.1 - Table 5.5, and
showed that OCP and Ecorr decreased with increasing temperature. This result applies
regardless of pH or chloride concentration of the electrolyte.

As observed from the values in Table 5.1 - Table 5.5, Ecrev decreased when the
temperature was increased. This applied to all chloride concentration and pH-regions
tested. Since crevice corrosion can be initiated at a lower potential when the temperature
is high, this results indicate that 316L is less resistant towards crevice corrosion at higher
temperatures. As stated in Section 2.4.1, increased temperature accelerates the transition
from metastable to stable corrosion. According to Matsch and Böhni [31], this is the
main reason for the decreasing potential experienced when the temperature is increased.
Nevertheless, overview images of the samples presented in Figure 5.3 indicate that the
sample exposed to a lower temperature experienced more severe crevice corrosion attacks.
The anodic CPP curves that represent these samples are presented in Figure 5.2, where
the green curve represents the sample tested at 30 °C and the blue curve the sample
tested at 95 °C. As can be observed from the curves, the difference between Ecrev and Erep

was bigger for the green curve than for the blue curve. This indicates that the crevices
on the sample tested at 30 °C had more time to grow before the surface repassivated.
However, the results regarding the extent of the corrosion attacks on samples tested at
30 °C are not consequent. The red curve in Figure 5.2, also obtained at 30 °C had a
higher Erep and a smaller difference between Ecrev and Erep. Corrosion attacks on this
sample were barely visible due to the limited exposure period between Ecrev and Erep.

The repassivation potentials presented in Table 5.1 - Table 5.3 were discussed in the
project thesis [1], and the report concluded that Erep was not affected by change in
temperature when the chloride concentration was 600 ppm. Low chloride ion availability
could inhibit the crevice initiation, as the chloride ion availability is the rate determining
process when the chloride concentration is sufficient low [82]. At higher chloride
concentrations, 5000 ppm and 120 000 ppm, the results within each parallel deviated.
Since most of the tests experienced a decrease in Erep with increasing temperature, it
seemed to be harder for the surface to repassivate at higher temperatures.

The repassivation potentials presented in Table 5.4 - Table 5.5, obtained from curves
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recorded during this thesis, decreased with increasing temperature. This was the case for
both low and high chloride concentrations, 600 ppm and 120 000 ppm, respectively. This
indicates that repassivation of the surface becomes more difficult at higher temperatures.
Increased temperature promotes corrosion tendency [31] and reduces the protective
properties of the passive film [33], as stated in Section 2.4.1. A damaged passive film
makes it harder for the surface to repassivate.

6.1.2 22% Cr duplex stainless steel

As presented in Table 5.6 - Table 5.9, OCP and Ecorr decreased with increasing
temperature. This is the case for all chloride concentrations and pH-regions tested, and
the same results were obtained for 316L. These results are in line with the change in the
equilibrium potential with temperature, expressed by the Nernst equation. For DSS, the
decrease in potential was more prominent for the tests conducted with 600 ppm chloride.
Similar results have been obtained by Muñoz et al. [83]. The corrosion study observed
decreasing OCP with increasing temperature for both austenitic stainless steels and DSS.

Both Ecrev and Erep, presented in Table 5.6 - Table 5.9 decreased with increasing
temperature. This indicates that crevice corrosion is easier initiated and repassivation
becomes more difficult at higher temperatures. This corresponds well with the fact
that the corrosion tendency increases with increasing temperature [31] and higher
temperatures result in a more porous and less protective passive film [33], as stated in
Section 2.4.1.

As illustrated in Figure 5.4 - Figure 5.7, Erep values were very high and the hysteresis loops
were almost non-existent for the tests conducted at 30 °C. These samples did experience
corrosion attacks, as can be observed from the overview images presented in Figure 5.28
and the more detailed images presented in Figure 5.37 and Figure 5.36. These corrosion
attacks are called transpassive attacks and occurs when the sample reach the transpassive
potential during the forward scan of the polarization curve. At the transpassive potential,
Cr starts dissolving into the electrolyte from the passive layer, resulting in a weaker passive
film that enables the corrosion attack [84]. As can be observed from the images in Figure
5.37 and Figure 5.36, the phase/grain boundaries are attacked. This is typical for a
transpassive attack [85]. Even if the attack has been initiated, it is not stable, and thus
does not affect Erep. Transpassive corrosion occurs at temperatures below CPT or CCT
[84][85], in this case CCT. This is probably why DSS experienced transpassive attacks
only at 30 °C, since 95 °C is above CCT for DSS [85]. These kind of attacks were not
observed on 316L samples, because CCT for 316L is below 30 °C [84].

Erep values for the tests conducted at 95 °C presented in Table 5.7 have been stated
as 0.11 V vs. Ag/AgCl. However, the anodic CPP curves, presented in Figure 5.5
show that the reversed scanning curves crosses the forward scanning curve at -0.21 V vs.
Ag/AgCl. These samples seem to have experienced a stronger passive current, resulting
in the sudden drop in potential at the reversed scan curve. Erep values for these curves
were therefore stated as 0.11 V vs. Ag/AgCl, as it is believed that Erep would have been
approximately 0.11 V vs. Ag/AgCl without the potential drop. This potential has been
obtained based on the curves presented in Figure 5.25, where all the reversed scanning
curves were almost identical until the drop. Erep similar to the two curves that did not
experienced the potential drop was therefore chosen. Similar behaviour was observed for
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316L as well at this test condition, presented in Figure 5.19. The potential drop was
however not as evident and Erep was therefore stated as the cross section between the
reversed scanning and the forward scanning curves for these tests.

6.2 Effect of chloride concentration

6.2.1 AISI 316L stainless steel

The parameters presented in Table 5.10 and Table 5.11 were established during the
specialization project [1]. It was concluded that it was no clear trend regarding the effect
of chloride concentration on OCP and Ecorr, and it seemed like chloride concentration
did not affect these parameters. At all temperatures, Ecrev decreased with increasing
chloride concentration, indicating that crevice corrosion was easier initiated at higher
chloride concentrations. A relationship between the effect of chloride concentration and
temperature on repassivation of the surface was observed. Similar results have been
observed by Mameng et al. [82]. The report stated that at low temperatures, the crevice
growth will be slow enough to make it the rate determining process, as crevices will
passivate at sufficient low temperatures. If the solution is sufficient saturated with chloride
ions, the crevice chemistry can be maintained even at low temperatures [82].

All the tests purged with CO2 were conducted during this thesis, and the parameters
obtained during these tests are presented in Table 5.12 and Table 5.13. At 30 °C, OCP
and Ecorr decreased with increasing chloride concentration. At 95 °C no or little change
in the potentials were observed when the chloride concentration was changed. The only
exception was one of the tests with 600 ppm chloride, which had higher OCP and Ecorr

than the other test in the parallel. Based on the potentials obtained for this test, OCP
and Ecorr decreased with increasing chloride concentrations, as for the tests at 30°C.
Overall, it seemed like OCP and Ecorr was affected by change in chloride concentration at
lower temperatures, while at higher temperatures, the temperature was the dominating
parameter.

As presented in Figure 5.9 and Figure 5.10, Ecrev decreased with increasing chloride
concentration. This indicates that crevice corrosion is easier initiated when the chloride
concentration is higher. The same results were obtained for the tests purged with N2
conducted during the specialization project, as stated above. The results agree with
the fact that higher chloride concentration increases the probability of chloride ions to
breakdown the passive film, as more chloride ions are available. A breakdown of the
passive film will increase the risk of corrosion initiation [35], as stated in Section 2.4.2.
Figure 6.2 presents a model graph created in Design-Expert and illustrates the change in
Ecrev with temperature and chloride content at an average pH value. The Ecrev values are
illustrated as the lines in the image, and the numbers on the lines are the potential values
in V vs. Ag/AgCl. The graph shows that Ecrev increase at lower chloride concentration
and temperature.

75



Figure 6.1: Change in Ecrev with chloride concentration and temperature for 316L at pH 6.05,
created in Design-Expert.

The curves presented in Figure 5.9 and Figure 5.10 showed that Erep was more negative
when the chloride concentration was high, which indicates that repassivation is more
difficult at higher chloride concentrations. This result corresponds well with the fact that
higher chloride concentration increases the probability of chloride ions to be adsorbed,
causing local dissolution of the film or to penetrate through the passive film, which makes
repassivation more difficult [35], as stated in Section 2.4.2. This was the case for all tests
except the ones at 95 °C with 600 ppm and 5000 ppm chloride. Erep for these tests was
in the same area, as illustrated in Figure 5.10. At these test conditions it seemed like the
increase in chloride concentration needed to be more severe to affect repassivation of the
surface. The potential decreased significant when the chloride concentration was further
increased to 120 000 ppm. Overall, for both the tests purged with N2 and CO2, Erep

decreased with increasing chloride concentration. The change in Erep with temperature
and chloride content at an average pH value is illustrated in Figure 6.2, created in Design-
Expert.
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Figure 6.2: Change in Erep with chloride concentration and temperature for 316L at pH 6.05,
created in Design-Expert.

6.2.2 22% Cr duplex stainless steel

OCP and Ecorr presented in Table 5.14 - Table 5.17, decreased with increasing chloride
concentrations for the tests completed at 30 °C. This was the case regardless of the pH. At
95 °C, the potentials showed no or minor changes with increasing chloride concentration
for the tests purged with CO2. For the tests purged with N2, the potentials showed minor
changes when the chloride concentration was increased from 600 ppm to 5000 ppm. When
the chloride concentration was further increased to 120 000 ppm the potentials increased
significantly. Consequently, there is is no clear trend regarding change in OCP and Ecorr

with chloride concentration.

Ecrev obtained from the anodic CPP curves, illustrated in Figure 5.12 - Figure 5.15, showed
that the crevice corrosion potential decreased with increasing chloride concentration. This
was the case regardless of temperature and pH, and indicates that crevice corrosion is
easier initiated when the chloride concentration is higher. The same results were obtained
for 316L. Figure 6.2 is created in Design-Expert and presents the change in Ecrev with
temperature and chloride content at an average pH value. This illustrates the increase in
Ecrev with decreasing chloride concentration and temperature.
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Figure 6.3: Change in Ecrev with chloride concentration and temperature for DSS at pH 6.0,
created in Design-Expert.

As for the crevice corrosion potential, the obtained Erep values decreased with increasing
chloride concentration for all the tests, regardless of temperature and pH. This indicates
that it is more difficult for the surface to repassivate at higher chloride concentrations.
The results corresponds well with the results for 316L, discussed above. How Erep changes
with temperature and chloride concentration at an average pH is illustrated by the model
graph created in Design-Expert, presented in Figure 6.4.
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Figure 6.4: Change in Erep with chloride concentration and temperature for DSS at pH 6.0,
created in Design-Expert.

6.3 Effect of pH

6.3.1 AISI 316L stainless steel

Common for the tests conducted with 316L at 95 °C are that OCP and Ecorr increased at
lower pH values, regardless of the chloride concentration. For the tests conducted at 30
°C, the difference in OCP and Ecorr for tests conducted with 600 ppm was small, while
the potentials increased with increasing pH for the tests conducted with 120 000 ppm
chloride. There is therefore no clear trend regarding change in OCP and Ecorr with pH,
for the pH range tested.

There is also no clear trend regarding change in Ecrev and Erep within the tested pH
range. For the tests conducted in electrolytes with 600 ppm and 120 000 ppm chloride
at 95 °C, both Ecrev and Erep decreased with decreasing pH. This indicates that crevice
corrosion is easier initiated and it is more difficult for the surface to repassivate when the
pH is low. This result agrees with the fact that the passive film will be weakened in an
acidic solution [5] and become thinner [39], as stated in Section 2.4.3. A weaker passive
film makes it easier to initiate crevice corrosion crevice corrosion. The tests conducted
with 120 000 ppm at 30 °C showed similar results, with the exception of one of the tests
purged with CO2, presented in Table 5.19. As stated in Section 5.1, the results regarding
this test condition deviated a lot, as there was a significant difference in obtained Erep

values within the parallel. The tests conducted with electrolytes with 5000 ppm chloride
at 95 °C and 600 ppm chloride at 30 °C showed the opposite results. Both Ecrev and
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Erep increased with decreasing pH. The obtained results show no clear trend regarding
the effect of pH on the corrosion properties of 316L at the test conditions tested. As the
effect of pH on Ecrev and Erep varies, it seems like other factors may have bigger effect
than the pH change. These factors may be differences on the sample surfaces, difficulties
with reproduction of the tests or the fact that different setups were used for the tests
conducted in the higher and lower pH ranges.

6.3.2 22% Cr duplex stainless steel

OCP and Ecorr of DSS are presented in Table 5.23 - Table 5.27. Both potentials increased
with increasing pH for tests conducted at 30 °C. It should however be mentioned that the
result within the parallels varies, especially for the tests with 600 ppm chloride. OCP and
Ecorr decreased with increasing pH for the tests conducted with 600 ppm and 5000 ppm
chloride at 95 °C, while the potentials increased with increasing pH when the chloride
concentration was 120 000 ppm. As for 316L, no clear trend was observed regarding the
change of OCP and Ecorr with pH.

As presented in Table 5.23 - Table 5.27, Ecrev values increased with decreasing pH. This
with the exception of the test conducted with 5000 ppm chloride at 95 °C. The results
indicate that it is more difficult to initiate crevice corrosion at lower pH values. This is the
opposite effect of pH on Ecrev that was expected, according to Section 2.4.3. As observed
from the curves presented in Figure 5.4 - Figure 5.7, the difference in the potentials are
however not that big, compared to the difference in potentials created when changing
chloride concentration or temperature, discussed in the previous sections. The results
indicate that pH has little effect on Ecrev of DSS in the tested pH range. One possible
explanation is that the difference between the pH values tested was too small. pH varied
between 4.1 and 5.5 for the tests purged with CO2 and 6.5 and 8.5 for the tests purged
with N2. Similar results have been observed by Tzaneva [40], as stated in Section 2.4.3.
The report stated that pH of the solution had little or no significant influence on the
corrosion behaviour when the pH was above 2. The little influence of pH on the pitting
potential was explained by the stability of the passive film. It was stated that this was
probably due to the high Cr and N content in the steel [40]. To experience a more evident
effect of pH, more extreme pH values should have been tested.

Obtained Erep values, presented in Table 5.23 - Table 5.27 indicate that repassivation was
little affected by the pH as well. Obtained Erep values from tests with 600 ppm chloride at
both temperatures was more or less the same regardless of the pH. For the tests conducted
with 120 000 ppm chloride at 30 °C, Erep was higher at lower pH. However, the difference
between Ecrev and Erep was the same regardless of the pH. The increased Erep seemed
to be due to the higher Ecrev for these tests, and not because it was more difficult for
the surface to repassivate. For the tests conducted with 5000 ppm and 120 000 ppm
chloride at 95 °C, Erep increased with decreasing pH. This indicates that repassivation of
the surface became more difficult when the solution had a higher pH. With that said, the
obtained Erep for the tests with 120 000 ppm chloride and purged with N2 varied within
the parallel, which makes it difficult to state how much the pH affected the repassivation.
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6.4 Data analysis by DOE

In addition to create model graphs, Design-Expert was also used to evaluate the effect
of the parameters tested. To evaluate the significance each parameter had in the model,
Design-Expert used Analysis of variance (ANOVA). ANOVA is a collection of statistical
models and provides a statistical analysis of the data [5][60]. The p-values for the
independent variables, i.e. temperature, chloride content and pH, are calculated by the
software. If the p-value is smaller than the uncertainty or risk degree (which was 5% in this
case), a significant correlation between the independent and the dependent variable exist
[5]. The corrosion properties obtained from the anodic CPP curves are the dependent
variables. A Two Factor Interaction (2FI) model was chosen, as this model was the best
fit.

Based on the ANOVA results for the 2FI model, temperature was the most significant
model term regarding Ecrev for 316L, followed by the chloride concentration. Chloride
concentration had the most significant effect on Erep for 316L, followed by the temperature.
Temperature and chloride concentration were the only parameters recognized as significant
by the software regarding Ecrev and Erep for 316L, based on their p-values.

As for 316L, ANOVA results for the 2FI model showed that for DSS temperature
and chloride concentration were the significant model terms regarding Ecrev and Erep.
Temperature and chloride concentration were equally significant regarding their effect on
both potentials, as their p-values were equal.

Analysis of the obtained corrosion values, completed with ANOVA in Design-Expert
showed that pH was not a significant model term for either of the corrosion properties
discussed above. pH was recognized as not significant by the software due to the terms
p-value. This was the case for both 316L and DSS.

6.5 Surface characterization

6.5.1 AISI 316L stainless steel

The surface characterization included overview images, used to obtain percentage of the
surface consisting of crevices at the different test conditions. The results, presented in
Table 5.28 indicate that the samples tested at 30 °C obtained a higher crevice percentage.
The anodic CPP curves recorded for the 316L samples had a larger hysteresis loop for
the tests at 30 °C compared to the tests at 95 °C. The corrosion attacks are dependent of
the charge, Q. The charge is dependent on both the anodic current and time the anodic
current goes through the sample. As can be observed from the curves tested at 30 °C,
these curves used longer total time to first reach maximum current after reaching Ecrev

and then to reach Erep after the scan direction was reversed. This have caused the more
severe corrosion attacks at the sample tested at 30 °C (by using Faraday’s law).

Average weight loss at each test condition, presented in Table 5.29, show that the test
conditions that obtained the highest crevice percentages, test conditions 3 and 9, had the
highest weight loss as well. With the exception of test condition 9 and 11, the samples
tested is electrolytes purged with CO2 experienced a higher weight loss. It is believed that
this was not caused by the lower pH, but because different setups were used. The samples
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exposed to an electrolyte purged with CO2, were tested with setup 2. At these tests, the
scan was reversed at a higher current, which resulted in longer time for the curves to reach
maximum current and may have caused the more severe corrosion attacks.

6.5.2 22% Cr duplex stainless steel

Percentage of the DSS sample surface consisting of crevices at the different test
conditions, presented in Table 5.30, was higher for the samples exposed to lower chloride
concentrations. The same explanation used regarding the higher percentage obtained for
316L samples exposed to 30 °C also applies in this case. At lower chloride concentrations,
the anodic current went through the sample for a longer amount of time. This may be
the reason these samples experienced more extensive surface changes.

Average weight loss at each test condition, presented in Table 5.29, indicates that the
corrosion attacks observed on the samples tested at test condition 1 and 3 were shallow.
These test conditions obtained the highest crevice percentage, but not as great weight loss
compared to the other test conditions. The results showed that the samples exposed to
95 °C had the highest weight loss. The measured crevice depths of the crevices presented
in Figure 5.36 - Figure 5.39, showed that the crevice on the sample tested at 95°C was
deeper than the ones tested at 30 °C. It should however be mentioned that it is possible
that deeper crevices than the selected ones has been formed on the samples during the
tests.

6.6 Material comparison

When comparing the corrosion properties for the two materials, the results obtained
during this thesis would be more comparable as these tests were conducted with the same
setup. The results obtained during the specialization project were decided to be included
to ensure that as many test conditions as possible were evaluated.

Considering OCP and Ecorr obtained from the anodic CPP curves, the potentials obtained
of DSS were in general more positive than those of 316L. This with the exception of a few
tests, where obtained OCP and Ecorr of DSS were more negative than those of 316 tested
at the same test condition. However, the deviation within the parallels was greater than
the difference in potentials between the materials regarding these tests. These results
indicates that DSS has higher corrosion resistance than 316L at the tested conditions due
to a more resistant passive film.

Regarding obtained Ecrev, DSS experienced more positive potentials than 316L at all test
conditions, except the tests with 600 ppm and 120 000 ppm chloride, purged with N2
at 95 °C. The potentials obtained at these test conditions were almost similar for the
two materials. It should be mentioned that the tests with 316L and DSS at these test
conditions were conducted with different setups. The higher potentials obtained for DSS
indicate that DSS has a higher resistance towards crevice corrosion, as crevices are easier
initiated on 316L. Especially the tests conducted at 30 °C resulted in much higher Ecrev

for DSS compared to 316L. This indicates that at lower temperatures, DSS is much more
resistant towards crevice corrosion, but this advantage becomes less evident at higher
temperatures.
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According to the obtained Erep values, repassivation was easier obtained for DSS than
316L. Erep was more positive for DSS at all test conditions compared to 316L, with
exception of the tests with 120 000 ppm chloride, purged with N2 at 95 °C. The results
within both the DSS and the 316L parallel at this tests condition deviated, and the overall
trend showed less negative potentials for DSS. Especially the tests conducted at 30 °C
resulted in much higher Erep for DSS compared to 316L. This indicates that at lower
temperatures, the DSS surface repassivates much easier, but as for crevice initiation, this
advantage becomes less evident at higher temperatures.

Comparing the model graphs, presented in Figure 6.2 - Figure 6.4, it is clear that the
change in Ecrev and Erep with temperature and chloride content are much higher for DSS
than 316L. This is also illustrated by the much higher Ecrev values obtained for DSS
during the tests at 30 °C, especially. The results indicate that DSS is more affected
by the change in these environmental parameters, most likely because DSS is more
corrosion resistant than 316L at lower temperatures and chloride concentrations. At
higher chloride concentration and temperature, the results indicates that DSS has better
corrosion properties than 316L, but the difference between the corrosion resistance of the
materials are considerably smaller.

The obtained results are as expected considering that DSS in general posses a higher
corrosion resistance than 316L, as stated in Section 2.1. As presented in Table 4.3, DSS
has higher PREN than 316L, which indicates that DSS has higher corrosion resistance
based on the alloy composition. According to Tzaneva [40], in the pH region between 4
and 8, higher alloyed steel with higher Cr content, similar to DSS has better corrosion
stability to general and pitting corrosion compared to the stainless steels with lower Cr
content. This fits well with the obtained results in this thesis.

6.7 OCP measurements

The only OCP measurements conducted with different oxygen contents during this thesis
were the tests conducted with 120 000 ppm chloride at 30 °C and 95 °C, which were
carried out in electrolytes saturated with oxygen, presented in Figure 5.45 and without
oxygen, presented in Figure 5.43 and Figure 5.44. The results showed an increased OCP
when oxygen was present at both temperatures tested. This was the same observation
done by Equinor [76] and presented in Figure 5.42 in their test.

Stable OCP values were observed for both materials during the measurements where
oxygen had been removed, presented in Figure 5.40 - Figure 5.44. OCP values obtained
in electrolytes with 600 ppm chloride, presented in Figure 5.40 and Figure 5.41, showed
decreasing OCP with increasing temperature for both materials. The same result was
observed for the OCP measurement saturated with oxygen, presented in Figure 5.45 and
during the anodic CPP measurements, discussed in Section 6.1. The OCP measurements
conducted with 120 000 ppm chloride without oxygen deviated from this result. OCP
obtained at 95 °C, presented in Figure 5.44 obtained a higher value than expected and
were close to the potentials obtained at the same test condition when the electrolyte
was saturated with oxygen. It is believed that the increased potential was caused by
oxygen ingress as a result of NaCl crystallizing in the gas inlet tube, blocking N2 gas
from entering the electrolyte. This was the case for both tests conducted with 120 000
ppm chloride, and the uncertainty in the results makes it is difficult to discuss the effect

83



of chloride concentration based on the OCP measurements. The result from the anodic
CPP measurements showed that chloride concentration had an effect on OCP at lower
temperatures and OCP decreased with increasing concentration for the tests at 30 °C. No
clear trend regarding which material that obtained the highest OCP were observed from
the OCP measurements.

By examine the change in OCP with dissolved oxygen content presented in Figure 3.1,
it is observed that the most severe increase in OCP occurs when oxygen is introduced
to the system, even in small concentrations. After oxygen has been introduced and the
dissolved oxygen content is further increased, OCP continues to increase, but not to the
same extent. The reason for this behavior is that when oxygen enters the system the
rate of the cathodic reaction increases. Increased oxygen content increases the cathodic
reaction rate, as stated in Section 3.1.

Figure 6.5 illustrates where obtained Ecrev and Erep are positioned relative to the OCP at
the different oxygen contents. OCP values are presented as dashed lines. The 100 ppb, 200
ppb and 500 ppb dashed lines correspond to the OCP measured at these oxygen contents
by Equinor [76] in Figure 3.1. The line representing oxygen content < 10 ppb corresponds
to the OCP measurement presented in Figure 5.42. Both the measurements presented
in Figure 3.1 and in Figure 5.42 were conducted in solutions with 19 000 ppm chloride
at 45 °C, with pH 7.5 and 7.1-7.8, respectively. Ecrev and Erep values obtained with 600
ppm and 120 000 ppm chloride at 30 °C and 95 °C are presented as intervals in Figure
6.5, based on minimum and maximum values from the two parallel test samples. Because
the tests purged with N2 had pH values closer to the pH during the OCP measurements,
Ecrev and Erep obtained from these tests were considered.

Figure 6.5: Illustration of obtained Ecrev and Erep from anodic CPP measurements and OCP
at different oxygen contents, created by the author. OCP at 100 ppb, 200 ppb and 500 ppb
oxygen are obtained from measurements conducted by Equinor, presented in Figure 3.1.

No anodic CPP tests with 19 000 ppm chloride at 45 °C were conducted, and the
comparison of the OCP at the different oxygen contents will therefore not be precise.
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It was established previously in the discussion that the OCP decreased with increasing
temperature. For this reason, OCP at the different oxygen contents would probably be
more negative at 95 °C and more positive at 30 °C, compared to the obtained potentials
at 45 °C.

As observed in Figure 6.5, obtained Erep for both materials in electrolytes with 120 000
ppm chloride at 95 °C, are at the same potential as the dashed line representing oxygen
content < 10 ppb. OCP measured at the same test condition without oxygen, presented
in Figure 5.44 was also within the Erep intervals for both materials. 316L and DSS
should therefore not be used at this test condition when oxygen is present, if the oxygen
application limit is defined as Erep. According to the illustration, DSS could be used at
the other test conditions with at least 500 ppb oxygen present. 316L should have an
oxygen limit between 10 ppb and 100 ppb oxygen in solutions with 120 000 ppm chloride
at 30 °C, and a limit approximately at 500 ppb oxygen in solutions with 600 ppm chloride
at 30 °C and 95 °C. As mentioned earlier, the potentials would most likely change with
temperature and the limits are probably lower for the tests conducted at 95 °C and higher
for the tests conducted at 30 °C.

No corrosion attacks were observed on the samples after the OCP measurements. Even
when the test electrolyte was saturated with oxygen and the samples experienced OCP
above Ecrev, no crevices were observed. This was expected as stable OCP values were
observed and was most likely due to the fact that the measurements were conducted
without the crevice assembly. No pits were observed on the samples either, and can be
explained by the fact that Epit is more positive than Ecrev.
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7 Conclusion

The results after the anodic CPP measurements showed that the obtained Ecrev values
decreased with increasing chloride concentration and temperature for both 316L and DSS.
Increased temperature results in decreased resistance to breakdown of the passive film and
more chloride ions available increases the probability of passive film breakdown. Higher
chloride concentrations and temperatures had the same effect on Erep. Obtained Erep from
the anodic CPP curves decreased with increasing chloride concentration and temperature
for both materials. Higher temperature increases the crevice tendency and makes it more
difficult for the surface to repassivate. More chloride ions adsorbed on the surface makes
it difficult for the passive film to be restored as well. As crevice corrosion is easier initiated
and repassivation of the surface becomes more difficult, the corrosion resistance of 316L
and DSS are reduced at higher chloride concentrations and temperatures. For the pH
values tested, change in pH had no significant effect on Ecrev and Erep.

The results obtained using ANOVA in Design-Expert showed that temperature and
chloride content were the only parametrs that had a significant effect on Ecrev and
Erep. Temperature had the most significant effect on Ecrev, and chloride content had the
most significant effect on Erep regarding 316L. For DSS, both parameters were equally
significant regarding their effect on Ecrev and Erep. DOE proved to be an important tool
regarding analysis of the experimental results and procedure.

By comparing the corrosion properties obtained from the anodic CPP curves, DSS proved
to be more resistant towards crevice corrosion than 316L. This is believed to be caused
by the higher Cr, Mo and N content and thereby higher PREN of DSS.

OCP measurements showed that increased oxygen content increased OCP of the materials
and brought it closer to the oxygen application limit, defined as Erep. OCP of both 316L
and DSS in solutions with 120 000 ppm chloride at 95 °C reached the application limit
when the oxygen content was < 10 ppb. To establish oxygen application limits for 316L
and DSS at the other test conditions, OCP measurements with different dissolved oxygen
contents must be conducted.
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8 Further work

This thesis studied only maximum and minimum temperature and only a few additional
middle points regarding chloride concentration. To enable more accurate conclusions
about the effect of the different parameters on the crevice corrosion of 316L and DSS,
more tests of the same nature at concentrations and temperature between maximum and
minimum should be performed. DOE should be used to extrapolate these test conditions.
To investigate the effect of pH further, tests with more extreme pH values should be
performed.

The effect of increasing the maximum current before reversing the scanning direction
during the anodic CPP were not investigated. Whether and if so, how the change of
maximum current affected the corrosion properties obtained from the curves should be
investigated.

In further work OCP measurements with different oxygen contents should be conducted
to define the critical oxygen content at the different test conditions.

Tests with SDSS should be conducted as well, to investigate the effect of the different
parameters on SDSS and compare crevice corrosion properties for the different materials.
This is important since SDSS often is used in production systems as an alternative to
DSS.
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A Appendix

A.1 Material certificate AISI 316L samples
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A.2 Material certificate 22% Cr DSS samples
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Steel grade verification (PMI-spectroscopic): ApprovedSteel grade verification (PMI-spectroscopic): ApprovedSteel grade verification (PMI-spectroscopic): ApprovedSteel grade verification (PMI-spectroscopic): Approved
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Certified acc. Pressure Equipment Directive (2014/68/EU) by TÜV CERT-Certification bodyCertified acc. Pressure Equipment Directive (2014/68/EU) by TÜV CERT-Certification bodyCertified acc. Pressure Equipment Directive (2014/68/EU) by TÜV CERT-Certification bodyCertified acc. Pressure Equipment Directive (2014/68/EU) by TÜV CERT-Certification body
for pressure equipment of the TÜV NORD Systems; notified body, reg-no. 0045.for pressure equipment of the TÜV NORD Systems; notified body, reg-no. 0045.for pressure equipment of the TÜV NORD Systems; notified body, reg-no. 0045.for pressure equipment of the TÜV NORD Systems; notified body, reg-no. 0045.
Microstructure acc to ASTM A 923-A: ApprovedMicrostructure acc to ASTM A 923-A: ApprovedMicrostructure acc to ASTM A 923-A: ApprovedMicrostructure acc to ASTM A 923-A: Approved
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Joakim Johansson
Authorized Inspector

V.A.T no: SE556001874801
Fax: + 46 (0)226 816 46
Telephone: + 46 (0)226 811 73

Regoffice: Stockholm SWEDEN, Regno: 556001-8748
SWEDEN
AVESTA WORKS
Business Area Europe
Outokumpu Stainless AB

6610/10006595512499789-EN2499789-EN2499789-EN2499789-EN
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6610/300471709DE/16830217-Apr-2018Avesta Works / Johan Nordström

Radioactive contamination check acc. IAEA recommendations: Approved
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Stainless Steel Cold Rolled, Coil-Plate
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ASTM A 240M-17ASTM A 240M-17ASTM A 240M-17ASTM A 240M-17
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test samples for OSW/Mr Kaschuba.
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A.3 Percentage crevices

Selected images obtained with IFM and analyzed in ImageJ are presented in Figure A.1-
A.4, to illustrate how the crevice percentage at each test condition were obtained. For
this purpose, images of samples tested at test condition 6 and 12 were chosen.

Figure A.1: Images of the surface of a 316L sample (both sides) tested in electrolyte with 5000
ppm chloride and pH 5.7-7.0 at 95 °C, obtained with IFM and analyzed in ImageJ.
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Figure A.2: Images of the surface of a DSS sample (both sides) tested in electrolyte with 5000
ppm chloride and pH 7.2-8.2 at 95 °C, obtained with IFM and analyzed in ImageJ.

Figure A.3: Images of the surface of a 316L sample (both sides) tested in electrolyte with 120
000 ppm chloride and pH 4.8-5.0 at 95 °C, obtained with IFM and analyzed in ImageJ.
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Figure A.4: Images of the surface of a DSS sample (both sides) tested in electrolyte with 120
000 ppm chloride and pH 4.9-5.0 at 95 °C, obtained with IFM and analyzed in ImageJ.
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